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THE  LIFE  of  JOHN  JEBB,   D.D.,   F.R.S.,  late  Bishop 

of  Limerick,  Ardfert,  and  Aghadoe.  With  a  Selection  from  his  Letters.  By 
the  Rev.  CHARLES  FORSTER,  B.D.,  formerly  Domestic  Chaplain  to  Bishop 
Jebh,  Perpetual  Curate  of  Ash-next-Sandwich,  and  one  of  the  Six  Preachers 
in  the  Cathedral  of  Christ,  Canterbury.  Two  Vols.  8vo,  26s.  cloth  with 
Portraits.  

NARRATIVE  of  a  RESIDENCE  in  KOORDISTAN,  and 
on  the  SITE  of  ANCIENT  NINEVEH,  with  Journal  of  a  Voyage  down 
the  Tigris  to  Bagdad,  and  an  Account  of  a  Visit  to  Sheraz  and  Persepolis, 
with  Maps  and  a  Plan  of  Nineveh  from  original  Observations,  and  numerous 
Illustrations.  By  the  late  CLAUDIUS  JAMES  RICH,  Esq.,  the  Honourable 
East  India  Company's  Resident  at  Bagdad,  author  of  "  An  Account  of 
Ancient  Babylon."  In  Two  Vols.  8vo,  30s.  cloth. 

%*  This  Work,  long  expected  by  all  who  knew  the  merits  and  acquire- 
ments of  the  lamented  Author  (and  who,  of  the  many  connected  with  the 
literature  and  politics  of  Asia,  did  not  know  the  name  and  lament  the  loss 
of  that  accomplished  man  ?),  is  now  published  from  his  original  MSS. 

Koordistan  is  the  portion  of  Western  Asia  which  is,  perhaps,  the  least 
known.  Few  Europeans  have  passed  through,  and  none,  it  is  believed,  have 
printed  any  description  of  it.  The  embassy  of  Malcolm  visited,  but  left  it 
without  enabling  England  and  Europe  to  judge  of  their  researches.  Among 
the  many  countries  into  which  Mr.  Rich  penetrated,  Koordistan  is  that  in 
which  he  took  the  greatest  interest ;  and  his  narrative,  though  long  delayed, 
contains  the  full  and  fresh  impressions  of  his  mind. 

THE    DOCTRINE  of  ATONEMENT  and   SACRIFICE, 

evinced  from  the  Scriptures,  and  confirmed  from  the  Sacraments  :  Errors 
Considered,  and  Difficulties  of  Theists  and  Infidels  Removed.  By  JOHN 
WHITLEY,  D.D.,  Author  of  "  The  Scheme,  &c.  of  Prophecy,""  "  The 
Blood  of  Jesus  Christ  Cleanseth  from  all  Sin."  In  One  Vol.  8vo,  10*.  6d.  hds. 


THIRTY  YEARS'  CORRESPONDENCE  between  JOHN 
JEBB,  D.D.,  F.R.S.,  Bishop  of  Limerick,  Ardfert,  and  Aghadoe,  and 
ALEXANDER  KNOX,  Esq.  M.R.I.A.  Edited  by  the  Rev.  CHARLES 
FORSTER,  B.D.,  Perpetual  Curate  of  Ash-next-Sandwich,  and  one  of  the 
Six  Preachers  in  the  Cathedral  of  Christ,  Canterbury,  formerly  Domestic 
Chaplain  to  Bishop  Jebh.  Two  Vols.  8vo.  Second  Edition,  with  Trans- 
lations of  the  Greek  and  Latin  Passages,  and  an  Index.  28s.  boards. 


REMAINS  of  the  late  ALEXANDER  KNOX,  Esq.  of 
Dublin,  M.R.I.A.,  containing  Letters  and  Essays  on  the  Doctrines  and 
Philosophy  of  Christianity,  and  the  distinctive  Character  of  the  Church 
of  England  ;  with  Portrait,  from  a  Bust  by  Chantrey.  Second  Edition. 
Two  Vols.  8vo,  24s.  boards. 


Valuable  Works 


THE  HOLY  BIBLE;  containing  the  OLD  and  NEW  TES- 
TAMENTS, revised  from  Corrected  Texts  of  the  Original  Tongues,  and 
with  former  Translations  diligently  compared  :  with  Critical  and  Explana- 
tory Notes.  By  B.  BOOTHROYD,  D.D.,  Editor  of  the  "  Biblia  Hebraica," 
&c.  &c.  Forming  a  volume,  in  imperial  octavo,  of  1280  pages.  Price  30s. 
cloth. 

The  work  announced  comprises  the  Text  of  the  Author's  Family  Bible  and  Improved 
Version,  with  such  Corrections  as  a  repeated  and  diligent  perusal  during  the  last  ten  years  has 
suggested,  aided  by  the  many  Biblical  works  which  have  been  published  since  his  own  was 
completed.  The  results  of  the  labours  of  the  most  eminent  scholars  and  Biblical  critics  of 
past  and  present  times,  will  here  be  found  in  a  condensed  form;  by  which  infidel  objections 
are  in  many  instances  satisfactorily  obviated,  and  the  judicious  English  reader  will  be  enabled 
to  perceive  the  sense,  coherence,  and  beauty  of  the  Holy  Scriptures. 


ESSAYS,  THOUGHTS,  and  REFLECTIONS,  and  SER- 
MONS on  VARIOUS  SUBJECTS.  By  the  Rev.  HENRY  WOODWARD, 
A.M.,  formerly  of  Corpus  Christi  College,  Oxford,  Rector  of  Fethard,  in 
the  Diocess  of  Cashel.  One  Vol.  8vo.  Third  Edition.  12s.  boards. 

"  There  are  some  striking  views  on  the  Divine  Omnipotence  in  a  recent  volume  of  Essays 
and  Sermons,  by  the  Rev.  Henry  Woodward  of  Ireland;  a  work  replete  with  originality,  and 
rich  in  the  germs  of  high  thought.  From  Dr.  Chalmer's  Works,  now  publishing.  Vol.  2.— 
Natural  Theology,  Vol  2,  page  285. 

THE  WHOLE  WORKS  of  the  Most  Reverend  Father 
in  God,  ROBERT  LEIGHTON,  D.D.,  Archbishop  of  Glasgow.  To  which 
is  prefixed  an  entire  new  Life  of  the  Author,  by  the  Rev.  J.  N.  PEARSON, 
M.A.,  of  Trinity  College,  Cambridge,  and  Chaplain  to  the  Most  Noble  the 
Marquess  Wellesley.  Four  Vols.  8vo,  with  a  Portrait,  36s.  boards. 

"  We  have  placed  a  new  edition  of  Archbishop  Leighton's  Works  at  the  head  of  this 
article;  and  as  Mr.  Coleridge  has  neglected  to  furnish  the  biographical  notice  he  had  pro- 
mised, we  shall  endeavour  to  supply  its  place  by  a  few  particulars  of  his  life  and  writings, 
principally  extracted  from  a  spirited  and  eloquent  Memoir  prefixed  to  the  new  edition,  by 
the  Rev.  Norman  Pearson.  It  is  a  reproach  to  the  present  age,  that  his  valuable  writings, 
breathing  as  they  do  the  sublimest  and  purest  spirit  of  piety,  rich  in  beautiful  images  and 
classical  learning,  throughout  abounding  in  practical  reflections,  and  all  expressed  with  the 
sweetest  and  simplest  eloquence,  should  have  been  neglected  among  us." — British  Critic. 

%*  The  above  may  be  had,  printed  in  a  small  but  neat  type,  and  com- 
pressed into  Two  Volumes,  price  21s.  boards. 

By  the  same  Author, 

A  PRACTICAL  COMMENTARY  upon  the  FIRST   EPISTLE  of 
ST.  PETER,  and   other  Expository  Works.     To   which   is   prefixed   an 
entire  new  Life  of  the  Author,  by  the  Rev.  J.  N.  PEARSON,  M.  A.  Trinity 
College,  Cambridge,  &c.     Two  Volumes  8vo,  with  Portrait,  18s.  boards. 
*»»  Compressed  into  One  Volume,  10s.  6d. 


The  WHOLE  WORKS  of  the  Ri^ht  Rev.  JEREMY  TAY- 
LOR, D.D.,  Lord  Bishop  of  Down,  Connor,  and  Dromore,  with  a  Life 
of  the  Author,  and  a  Critical  Examination  of  his  Writings.  By  the  Right 
Rev.  REGINALD  HEBER,  D.D.,  late  Lord  Bishop  of  Calcutta.  In  15 
Volumes  8vo,  new  edition,  price  9/.  boards. 

Also  may  be  had  separate,  by  the  same  Author, 

HOLY  LIVING  and  DYING  ;  together  with  Prayers,  containing  the 
Whole  Duty  of  a  Christian,  and  the  parts  of  Devotion  fitted  to  all  Occasions, 
and  furnished  for  all  Necessities.  One  Vol.  small  8vo,  7s.  boards. 

%*  This  Edition  has  been  carefully  compared  with  the  best  octavo  edi- 
tions, all  others  of  the  same  size  printed  of  late  years  being  deficient  in  the 
Notes  and  the  numerous  quotations  of  the  Author. 

A  COURSE  of  SERMONS  for  all  the  SUNDAYS  of  the  YEAR. 
Two  Vols.  8vo,  price  24s.  boards. 

The  LIFE  of  the  Right  Rev.  JEREMY  TAYLOR.  In  One  Vol. 
8vo,  with  a  Portrait,  price  10s.  6d.  boards. 


Published  by  JAMES  DUNCAN. 


PRACTICAL  THEOLOGY;  comprising  Discourses  on  the 
Liturgy  and  Principles  of  the  United  Church  of  England  and  Ireland; 
critical  and  other  Tracts  ;  and  a  Speech  delivered  in  the  House  of  Peers  in 
1824.  By  JOHN  JEBB,  D.D.,  F.R.S.,  Bishop  of  Limerick,  Ardfert,  and 
Aghadoe.  Two  Vols.  8vo,  24s.  boards. 

"  No  work  which  has  recently  fallen  Into  our  hands  more  amply  fulfils  the  promise  of  its 
title  than  that  now  before  us." — Quartei-ly  Theolog.  Review. 
By  the  same  Author, 

SACRED  LITERATURE;  comprising  a  Review  of  the  Principles 
of  Composition  laid  down  by  the  late  ROBERT  LOWTH,  D.D.  Lord  Bishop 
of  London,  in  his  Prelections,  and  Isaiah ;  and  an  application  of  the 
Principles  so  reviewed  to  the  Illustration  of  the  New  Testament;  in  a 
Series  of  Critical  Observations  on  the  Style  and  Structure  of  that  Sacred 
Volume.  One  Vol.  8vo.  New  Edition,  1 2s.  boards. 

SERMONS  on  Subjects  chiefly  Practical ;  with  illustrative  Notes,  and 
an  Appendix  relating  to  the  Character  of  the  Church  of  England,  as  dis- 
tinguished both  from  other  Branches  of  the  Reformation,  and  from  the 
modern  Church  of  Rome.  Fourth  Edition,  corrected.  One  Vol.  8vo, 
10*.  6d.  boards. 

PASTORAL  INSTRUCTIONS  on  the  CHARACTER  and  PRIN- 
CIPLES of  the  CHURCH  of  ENGLAND,  selected  from  his  former 
Writings.  One  Vol.  7s.  boards. 

Works  edited  by  Bishop  Jebb. 

LIVES  of  SIR  MATTHEW  HALE  and  the  EARL  of  ROCHESTER : 
With  Characters  of  ARCHBISHOP  LEIGHTON,  The  HON.  ROBERT 
BOYLE,  QUEEN  MARY,  and  OTHER  EMINENT  PERSONS,  and 
an  ADDRESS  to  POSTERITY.  By  GILBERT  BURNET,  D.D.,  late 
Bishop  of  Sarum,  with  the  Two  Prefaces  to  the  Dublin  Editions.  To  which 
are  now  added,  FIVE  HITHERTO  UNPUBLISHED  LETTERS,  by 
ANNE,  Countess  Dowager  of  Rochester,  upon  her  Son's  Last  Illness  and 
Conversion,  Edited  with  an  Introduction  and  Notes.  Second  Edition,  in 
Foolscap  8vo,  7*.  bds. 

%*  A  few  copies  may  still  be  had  of  the  first  edition  in  8vo,  price  10s.  Gd. 

THE  PROTESTANT  KEMPIS  ;  or,  PIETY  without  ASCETICISM: 
a  Manual  of  Christian  Faith  and  Practice,  selected  from  the  Writings  of 
Scougal,  Charles  Howe,  and  Cudworth  ;  with  Corrections  and  occasional 
Notes.  One  Vol.  8vo,  price  12s.  boards. 

PRACTICAL  DISCOURSES:  a  Selection  from  the  unpublished  Manu- 
scripts of  the  late  Venerable  THOMAS  TOWNSON,  D.D.,  Archdeacon  of 
Richmond  ;  one  of  the  Rectors  of  Malpas,  Cheshire ;  and  some  time  Fellow 
of  St.  Mary  Magdalen  College,  Oxford ;  with  a  Biographical  Memoir,  by 
Archdeacon  CHUHTON.  Third  Edition,  in  One  Vol.  8vo,  price  10s.  Gd.  bds. 

THE  REMAINS  of  WILLIAM  PHELAN,  D.D.;  with  a  Biographi- 
cal Memoir.  Second  Edition.  Two  Vols.  8vo,  21s.  boards. 


MAHOMETANISM  UNVEILED  ;  an  Inquiry  in  which 
that  Arch-Heresy,  its  Diffusion  and  Continuance,  are  examined  on  a  new 
principle,  tending  to  confirm  the  Evidences,  and  aid  the  Propagation,  of 
the  Christian  Faith.  By  the  Rev.  CHARLES  FORSTER,  B.D.,  Perpetual 
Curate  of  Ash-next-Sandwich,  and  one  of  the  Six  Preachers  in  the  Cathedral 
of  Christ,  Canterbury,  formerly  Domestic  Chaplain  to  Bishop  Jebb. 

A  MEMOIR  of  the  LIFlTand  PUBLIC  SERVICES  of 
SIR  THOMAS  STAMFORD  RAFFLES,  F.R.S.  &c.,  particularly  in 
the  Government  of  Java,  1811-1816,  and  of  Bencoolen  and  its  Dependencies, 
1817-1824;  with  Details  of  the  Commerce  and  Resources  of  the  Eastern 
Archipelago,  and  Selections  from  his  Correspondence.  With  a  Portrait 
and  other  Illustrations.  By  his  Widow.  New  Edition,  in  Two  Vols.  8vo, 
24s.  boards. 


Valuable  Works 


THE  LAST  DAYS  of  cur  LORD'S  MINISTRY  ;  a  Course 
of  Lectures  delivered  during  Lent  in  Trinity  Church,  Coventry.  By  the 
Rev.  WALTER  FARQ.UHAR  HOOK,  M.A.,  Prebendary  of  Lincoln,  Vicar  of 
the  Parish  of  the  Holy  Trinity,  Coventry,  and  Chaplain  in  Ordinary  to 
His  Majesty.  One  Vol.  8vo,  10s.  6d.  boards. 


SIX  SERMONS  on  the  STUDY  of  the  HOLY  SCRIP- 
TURES, their  Nature,  Interpretation,  and  some  of  their  most  important 
Doctrines,  preached  before  the  University  of  Cambridge.  To  which  are 
annexed  Two  Dissertations;  the  first  on  the  Reasonableness  of  the 
Orthodox  Views  of  Christianity  as  opposed  to  the  Rationalism  of  Germany ; 
the  second  on  the  Interpretation  of  Prophecy  generally,  with  an  ori- 
ginal Exposition  of  the  Book  of  Revelation,  shewing  that  the  whole  of 
that  remarkable  Prophecy  has  long  ago  been  fulfilled.  By  the  Rev.  S.  LEE, 
B.D.,  Regius  Professor  of  Hebrew  in  the  University  of  Cambridge.  One 
Vol.  8vo,  14s.  boards. 


A  SECOND  COURSE  of  SERMONS  for  the  YEAR  ;  con- 
taining Two  for  each  Sunday,  and  one  for  each  Holyday  ;  abridged  from 
the  most  eminent  Divines  of  the  Established  Church,  and  adapted  to  the 
Service  of  the  Day  :  intended  for  the  Use  of  Families  and  Schools.  Dedi- 
cated, by  permission,  to  the  Lord  Bishop  of  London.  By  the  Rev.  J.  R. 
PITMAN,  A.M.,  alternate  Morning  Preacher  of  Belgrave  and  Berkeley 
Chapels.  In  Two  Vols.  8vo,  21s.  boards. 

"  There  is  no  question  which  the  Clergy  are  more  frequently  asked,  and  to  which  they 
find  it  more  difficult  to  give  a  satisfactory  reply  than  this — What  Sermons  would  they  recom- 
mend for  the  use  of  a  private  family  ?  There  are  so  many  circumstances  which  render  the 
greater  part  of  modern  discourses  totally  unfit  for  the  purposes  of  domestic  instruction,  and 
the  old  standards,  unmodernised,  are  so  lit?tle  intelligible  to  common  ears,  that  it  is  no  easy 
matter  to  point  out  any  set  of  discourses  embracing  a  sufficient  variety  to  excite  attention, 
at  the  same  time  forcibly  inculcating  the  pure  doctrines  and  practical  precepts  of  Christianity. 
We  really  think  that  Mr.  Pitman's  work  bids  fair  to  supply  the  deficiency  which  has  been  so 
much  regretted." — Quarterly  Theelog.  Review. 

%*  A  Third  Edition,  revised  throughout,  of  the  FIRST  COURSE,  is 
just  published,  same  size  and  price  as  above. 


The  WORKS  of  the  Right  Rev.  WILLIAM'BEVERIDGE, 
D.D.,  Lord  Bishop  of  St.  Asaph,  now  first  collected:  with  a  Memoir 
of  the  Author,  and  a  Critical  Examination  of  his  Writings,  by  the  Rev. 
THOMAS  HARTWELL  HORNE,  B.D.,  of  St.  John's  College,  Cambridge; 
Author  of  the  "  Introduction  to  the  Holy  Scriptures."  In  Nine  Vols. 
8vo,  with  a  Portrait,  uniform  with  the  Works  of  Bishop  Taylor,  51.  8s. 
boards. 


A  THEOLOGICAL  DICTIONARY;  containing  Defini- 
tions of  all  Religious  Terms ;  a  comprehensive  View  of  every  Article  in  the 
System  of  Divinity;  an  impartial  Account  of  all  the  principal  Denomina- 
tions which  have  subsisted  in  the  Religious  World  from  the  Birth  of 
Christ  to  the  present  Day :  together  with  an  accurate  Statement  of  the  most 
remarkable  Transactions  and  Events  recorded  in  Ecclesiastical  History.  By 
the  late  Rev.  CHARLES  BUCK.  Seventh  Edition,  corrected  and  greatly 
extended,  by  the  Rev.  E.  HENDERSON,  D.D.,  Professor  of  Divinity  in 
Highbury  College.  One  very  large  Vol.  8vo,  18s. 

*,*  The  number  of  additional  articles  in  the  present  Edition  amounts  to 
nearly  Five  Hundred. —  Vide  Preface. 


Published  by  JAMES  DUNCAN. 


A   SHORT   HISTORY   of  the   CHRISTIAN   CHURCH, 

from  its  Erection  at  Jerusalem  down  to  the  Present  Time.  Designed  for  the 
Use  of  Schools,  Families,  &c.  By  the  Rev.  JOHN  FRY,  B.A.,  Rector  of 
Desford,  in  Leicestershire.  One  Vol.  8vo,  12s.  boards. 

"  His  matter  Is  unquestionably  selected  with  judgment,  and  luminously  arranged;  his 
language  is  clear  and  concise,  and  not  deficient  in  elegance ;  and  we  rise  from  the  perusal 
of  his  work  with  very  favourable  impressions  of  his  character,  with  which  otherwise  we 
are  unacquainted." — Theological  Review. 

"  To  such  readers  as  wish  for  an  Ecclesiastical  History,  written  on  the  model  of  Milner's, 
and  animated  by  the  same  spirit,  Mr.  F.'s  work  will  be  highly  acceptable,  particularly  as 
it  is  complete,  and  comprised  within  a  single  volume." — Eclectic  Review. 

By  the  same  Author, 

OBSERVATIONS  on  the  UNFULFILLED  PROPHECIES  of  SCRIP- 
TURE, which  are  yet  to  have  their  Accomplishment  before  the  coming  of 
the  Ix)rd  in  Glory,  or  at  the  Establishment  of  his  Everlasting  Kingdom. 
One  Vol.  8vo.  105.  6d.  boards. 

A  NEW  TRANSLATION  and  EXPOSITION  of  the  very  Ancient 
BOOK  OF  JOB  ;  with  Notes,  explanatory  and  philological.  One  Vol.  8vo, 
12*.  boards. 

LECTURES,  Explanatory  and  Practical,  on  the  EPISTLE  of  ST.  PAUL 
to  the  ROMANS.  Second  Edition,  One  Vol.  8vo,  125.  boards. 

CANTICLES  *  or,  SONG  OF  SOLOMON :  a  new  Translation,  with 
Notes,  arid  an  Attempt  to  interpret  the  Sacred  Allegories  contained  in 
that  Book ;  to  which  is  added,  an  Essay  on  the  Name  and  Character  of  the 
Redeemer.  One  Vol.  8vo.  Second  Edition,  65.  boards. 


The    PRACTICAL   WORKS    of    the    REV.    RICHARD 

BAXTER,  with  a  Life  of  the  Author,  and  a  Critical  Examination  of  his 
Writings.  By  the  Rev.  WILLIAM  ORME.  In  Twenty-three  Vols.  8vo, 
with  finely  engraved  Portrait,  12/.  125.  boards. 

Also  may  be  had  separate, 

The  LIFE  and  TIMES  of  RICHARD  BAXTER,  with  a  Critical 
Examination  of  his  Writings.  By  the  Rev.  WILLIAM  ORME.  In  Two 
Vols.  8vo,  with  finely  engraved  Portrait,  I/.  15.  boards. 


CHRISTIAN  RECORDS ;  or,  a  Short  and  Plain  History 
of  the  CHURCH  of  CHRIST  :  containing  the  Lives  of  the  Apostles ; 
an  Account  of  the  Sufferings  of  Martyrs  ;  the  Rise  of  the  Reformation, 
and  the  present  State  of  the  Christian  Church.  By  the  Rev.  THOMAS 
SIMS,  M.A.  Fifth  Edition.  One  Volume,  18mo,  with  a  beautiful 
Frontispiece,  35.  6d.  boards. 

"  Every  Protestant  child  and  young  person  should  be  generally  acquainted  with  the  outline 
of  the  history  of  the  Church  of  Christ,  and  for  this  purpose  we  cannot  recommend  a  better 
manual  than  that  before  us."— Christian  Observer. 

%*  This  little  Volume  has  been  in  part  translated  into  the  modern  Greek 
and  Chinese  languages,  by  the  Rev.  Mr.  JOWETT  and  Dr.  MILNE  ;  and 
the  Author  has  received  a  Letter  from  the  Right  Rev.  Dr.  CORRIE,  Bishop 
of  Madras,  dated  Ship  Exmouth,  21  June,  1835,  with  the  following  inti- 
mation : 

"  J  have  by  me,  and  intend  to  have  printed,  please  God  I  arrive  at  Madras,  the  whole  of  Chris- 
tian Records  translated  into  Hindoostanee.  This  language  is  used  by  Mahomedans  all  over 
India,  and  understood  by  most  Hindoos." 


6  Valuable  Works 


DIVINE  PROVIDENCE;  or,  the  Three  Cycles  of  Re  vela- 
tion  ;  shewing  the  perfect  parallelism,  civil  and  religious,  of  the  Patriarchal, 
Jewish,  and  Christian  Eras  ;  the  whole  forming  a  new  Evidence  of  the 
Divine  Origin  of  Christianity.  By  the  Rev.  GEORGE  CROLY,  LL.D., 
Rector  of  St.  Stephen's,  Walbrook,  London.  One  Vol.  8vo,  15s.  bds. 


An  INQUIRY  into  the  MODERN  PREVAILING  NO- 
TIONS respecting  that  FREEDOM  of  WILL  which  is  supposed  to  be 
Essential  to  Moral  Agency,  Virtue  and  Vice,  Reward  and  Punishment, 
Praise  and  Blame.  By  JONATHAN  EDWARDS,  A.M.  With  an  Intro- 
ductory Essay  by  the  Author  of  u  Natural  History  of  Enthusiasm."  One 
Vol.  8vo,  12s.;  or  in  One  Vol.  12mo,  8*.  6d.  boards. 

"  The  author  of  Natural  History  of  Enthusiasm  has  already  taken  his  station  among 
the  most  influential,  as  well  as  the  most  truly  philosophical,  writers  of  the  day;  and  his 
present  performance,  whatever  attention  it  may  meet  with,  we  cannot  but  regard  as  the 
most  valuable  service  which  he  has  yet  rendered  to  the  cause  of  truth  and  Scriptural  piety." 
—  Eclectic  Review. 

"  And  now,  having  brought  to  a  close  our  review  of  this  very  beautiful  Essay,  we  cor- 
dially and  confidently  recommend  it  to  our  philosophical  readers  as  an  uncommonly  able 
and  eloquent  performance." — Presbyterian  Review. 


BIBLIA  HEBRAICA,  seeundum  nltimam  editionem  Jos. 
ATHOE,  a  JOHANNE  LEUSDEN  denuo  recognitam,  recensita,  atque  ad 
Masoram,  et  correctiores,  Bombergi,  Stephani,  Plantini,  aliorumque  edi- 
tiones,  exquisite  adornata,  variisque  notis  illustrata.  Ab  EVERARDO  VAN 
DER  HOOGHT,  V.D.M.  Editio  nova,  recognita,  et  emendata,  a  JUDAH 
D'ALLEMAND.  New  Edition,  in  One  Volume,  on  fine  paper  (1,200  pages), 
price  21s.  boards  ;  and  on  inferior  paper,  but  very  superior  to  any  Foreign 
Edition,  15s.  boards. 

"  The  most  correct  Edition  of  the  Hebrew  Scriptures  is  the  last  reprint  of  Van  der  Hooght's 
Hebrew  Bible,  which  has  been  revised  by  Professor  Hurwitz." — Journal  of  Education. 


A  GRAMMAR  of  the  HEBREW  LANGUAGE;  com- 
prised in  a  Series  of  Lectures,  compiled  from  the  best  Authorities,  and 
augmented  with  much  Original  Matter,  drawn  principally  from  Oriental 
Sources  ;  designed  for  the  Use  of  Students  in  the  Universities.  By  the 
Rev.  S.  LEE,  B.D. ;  D.D.  of  the  University  of  Halle ;  Honorary  Member 
of  the  Asiatic  Society  of  Paris;  Honorary  Associate  and  F.R.S.L.  and 
M.R.A.S.  &c.  &c. ;  and  Regius  Professor  of  Hebrew  in  the  University  of 
Cambridge.  Second  Edition.  One  Vol.  8vo,  14s.  boards. 

*»*  Professor  LEE  is  preparing  (and  nearly  ready)  for  publication  a 
HEBREW  and  ENGLISH  DICTIONARY,  in  One  large  Vol.  8vo. 


AN  ANALYSIS  of  the  TEXT  of  the  HISTORY  of 
JOSEPH,  upon  the  Principle  of  Professor  LEE'S  HEBREW  GRAM- 
MAR,  and  adapted  to  the  Second  Edition  of  it.  By  the  Rev.  ALEXANDER 
OLLIVANT,  M.A.  F.C.P.S.,  late  Fellow  of  Trinity  College,  Cambridge,  Vice- 
Principal  of  St.  David's  College,  and  one  of  the  Examining  Chaplains  to 
the  Lord  Bishop  of  St.  David's.  Third  Edition,  in  One  Vol.  8vo,  6s. 
boards.  

ELEMENTS  of  HEBREW  GRAMMAR  (without  Points). 

To  which  is  prefixed  a  Dissertation  on  the  Two  Modes  of  Reading,  with 
or  without  Points.  By  CHARLES  WILSON,  D.D.,  late  Professor  of  Church 
History  in  the  University  of  St.  Andrew's.  Fifth  Edition,  in  One  Vol.  8vo, 
price  10s.  6d. 


Published  by  JAMES  DUNCAN. 


A  HEBREW  PRIMER  ;  intended  as  an  Introduction  to  the 
Spelling  and  Reading  of  Hebrew  with  the  Points,  compiled  for  the  use  of 
children  and  beginners.  By  the  Rev.  A.  M'CAUL,  A.M.,  of  Trinity 
College,  Dublin.  Second  Edition.  In  octavo,  Is.  6d. 

LIBER  PSALMORUM  :  ad  Editionera  Hooghtianem  accu- 
ratissime  adornatus.  3s.  boards. 

THE  AJAX  of  SOPHOCLES,  illustrated  by  English  Notes. 
By  the  Rev.  J.  R.  PITMAN,  A.M.,  alternate  Morning  Preacher  of  Belgrave 
and  Berkeley  Chapels.  One  Vol.  8vo,  9s.  bds. 

The  Editor  has  endsavoured  to  comprise  in  the  notes  the  most  useful  remarks  of  all  the 
commentators  on  this  play,  and  has  made  numerous  references  to  the  works  of  modern 
critics,  by  whom  the  force,  either  of  single  words  or  of  idiomatical  expressions,  has  been 
illustrated. 


JOURNALS  of  EXCURSIONS  in  the  ALPS.  By  WIL- 
LIAM BROCKEDON,  Author  of  "  Illustrations  of  Passes  of  the  Alps,"  &c 
One  Vol.  8vo,  10s.  Gd.  boards. 

"  Mr.  Brockedon  knows  how  to  wield  the  pen  as  well  as  the  pencil."— 'Spectator. 


HISTORY  PHILOSOPHICALLY  ILLUSTRATED,  from 
the  Fall  of  the  Roman  Empire  to  the  French  Revolution.  By  GEORGE 
MILLER,  D.D.,  M.R.I. A.,  formerly  Fellow  of  Trinity  College,  Dublin. 
Four  Vols.  8vo,  21.  2s.  boards. 

"  His  work  possesses  a  unity  of  subject,  harmony  of  proportion,  and  connexion  of  parts, 
that  render  it  not  merely  the  best  modern  history  in  our  language,  but  the  only  one  from 
which  a  student  can  obtain  a  systematic  view  of  the  progress  of  civilization.  Another  merit 
of  Dr.  Miller's  work  is,  that  it  necessarily  leads  to  the  consideration  of  the  important  his- 
torical problem  to  which  we  have  more  than  once  referred, — the  operation  of  opinion  upon 
action." — Foreign  Quarterly  Review,  January,  1836. 


AN  ESSAY  upon  NATIONAL  CHARACTER  ;  being  an 
Inquiry  into  some  of  the  principal  Causes  which  contribute  to  form  and 
modify  the  Character  of  Nations  in  the  state  of  Civilization.  By  RICHARD 
CHENEVIX,  Esq.  F.R.S.L.  and  E.M.R.I.A.  &c.  Two  Vols.  8vo,  28s. 
boards. 


A  HISTORY  of  BRITISH  ANIMALS,  exhibiting  the 
descriptive  Characters  and  systematical  Arrangement  of  the  Genera  and 
Species  of  Quadrupeds,  Birds,  Reptiles,  Fishes,  Mollusca,  and  Radiata,  of 
the  United  Kingdom ;  including  the  Indigenous,  Extirpated,  and  Extinct 
Kinds  ;  together  with  Periodical  and  Occasional  Visitants.  By  JOHN 
FLEMING,  D.D.,  F.R.S.E.,  M.W.S.,  &c.,  and  Author  of  the  "  Philosophy 
of  Zoology."  One  Vol.  8vo,  18s.  boards. 

"  This  very  important  work,  which  has  just  appeared,  we  consider  as  infinitely  superior  to 
any  Natural  History  of  British  Animals  hitherto  published.  It  will  become  the  standard 
book  on  British  Animals." — Jamieson's  Journal  of  Science. 


ELEMENTS  of  CONCHOLOGY,  according  to  the  Linnsean 
System ;  illustrated  by  Twenty-eight  Plates,  drawn  from  Nature.  By  the 
Rev.  E.  I.  BURROW,  A.M.,  &c.  Third  Edition,  One  Vol.  8vo,  16s. 
boards ;  or  beautifully  coloured  by  Sowerby,  II.  11s.  6rf.  boards. 


8  Valuable  Works  Published  by  JAMES  DUNCAN. 

HISTORY  of  MORAL  SCIENCE.  By  ROBERT  BLAKEY. 
Second  Edition.  Two  Vols,  8vo,  12s.  boards. 

"  The  example  of  Mr.  Blakey  is  one  that  we  hope  to  see  followed  in  every  theory.  He 
has  been  more  anxious  to  point  out  the  good  than  the  evil ;  and  his  defence  of  many  whose 
character  has  been  maligned  is  as  generous  as  it  is  triumphant." — Athenaeum. 

"  To  meet  a  desideratum,  which  not  only  the  general  and  intelligent,  but  the  learned 
and  philosophical  reader  must  feel,  Mr.  Blakey  has  here  produced  a  work  of  great  utility; 
but  the  great  value  of  this  book  will  be  found  in  the  mass  of  information  it  contains  respect- 
ing men  and  subjects  very  frequently  referred  to  without  being  well  understood." — Literary 
Gazette. 

By  the  same  Author, 

An  ESSAY   TOWARDS    an    EASY   and    USEFUL    SYSTEM   of 

LOGIC.     One  Vol.  12mo,  4s.  6d.  boards. 


TABLES  of  INTEREST,  at  3,  4,  4J,  and  5  per  Cent, 
from  I/,  to  10,000^.,  and  from  1  to  365  days,  in  a  regular  progression 
of  single  days ;  with  Tables  at  all  the  above  rates  from  1  to  1 2  months, 
and  from  1  to  10  years.  By  JOHN  THOMSON,  Accountant  in  Edinburgh. 
One  Volume,  12mo,  Tenth  Edition,  8s.  bound. 


A  TREATISE  on  the  FUNCTIONAL  and  STRUCTURAL 
CHANGES  of  the  LIVER  in  the  PROGRESS  of  DISEASE ;  and  on 

the  Agency  of  Hepatic  Derangement  in  producing  other  Disorders.  With 
numerous  cases,  exhibiting  the  Invasion,  Symptoms,  Progress,  and  Treat- 
ment of  Hepatic  Disease  in  India.  By  W.  E.  E.  CONWELL,  Surgeon  of 
the  Madras  Establishment,  Docteur  en  Medecine  de  la  Faculte  a  Paris,  &c. 
In  One  Vol.  8vo.  14s.  boards. 

J.  DUNCAN  having  purchased  the  whole  remaining  Copies  of  the  under- 
mentioned Works,  is  enabled  to  offer  them,  for  a  limited  time,  at  the  low 
prices  affixed. 

PLATONIS  OPERA  OMNIA  ;  recensuit  et  Commentariis 
Scholiisque  illustravit  IMMANUEL  BEKKERUS.  Accedunt  Virorum  Doc- 
torum  Heindorf,  Wyttenbach,  Ast,  Buttmann,  Gottleber,  Pindeisen,  Serrani, 
Routh,  Stallbaum,  Nitzch,  Heusde,  Fischer,  Boeckh,  Lauge,  Nurnburger, 
Stutzmann,  F.  A.  Wolf,  aliorumqne  Annotationes  Textui  subjects,  Versio 
Latina,  et  Timaei  Lexicon  Vocum  Platonicarum.  In  Eleven  Vols.  8vo, 
price  11.  14s.,  or  on  large  paper,  royal  8vo  (of  which  only  150  copies  are 
printed),  price  \\l.  11s.  extra  boards. 

This  beautiful  Edition  has  received  the  highest  encomiums  from  the  late  Professor  Dobree, 
and  many  other  eminent  British  and  Continental  Scholars,  and  is  the  only  Variorum  one 
hitherto  published  :  it  contains  the  whole  of  the  Greek  Text,  revised  and  amended  from 
manuscripts  now  first  collated  or  used  in  any  edition  of  Plato;  the  Latin  Translation  of 
Ficinus;  the  Greek  Scholia;  the  Annotations,  either  entire  or  select,  of  the  different  Com- 
mentators on  the  Text  of  Plato,  or  the  Works  attributed  to  him  ;  a  Reprint  of  the  Lexicon 
Platpnicum  of  Timasus,  as  edited  by  Ruhnken ;  the  whole  preceded  by  Fischer's  Literary 
Notice  of  the  Life  and  Writings  of  Plato.  Bekker's  Text  and  Scholia  are  used,  and  such 
typographical  errors  are  corrected  as  had  escaped  the  Editor's  vigilance. 

The  spirited  Projector  of  this  fine  Classic  intended  to  publish  it  at  107.  10s.  for  the  small, 
and  187.  18s.  for  the  large  paper ;  but  it  is  now  offered  at  the  above-mentioned  reduced  prices. 

EURIPIDIS  OPERA  OMNIA.  In  Nine  Vols.  8vo,  small 
paper,  10/.  10s.,  now  offered  for  6/.  6s. ;  large  paper,  18/.  18s.,  now  offered 
for  10/.  10s. 

THE  WORKS  of  Dr.  JOHN  TILLOTSON,  Archbishop  of 

Canterbury,  with  LIFE.     In  Ten  Vols.  8vo,  51.  5s.,  now  offered  for  3/.  10s. 

PATRICK,  LOWTH,  and  ARNOLD'S  COMMENTARIES 
on  the  OLD  and  NEW  TESTAMENTS.  In  Six  Vols.  royal  4to,  price 
121.  12s.,  now  offered  for  91.  9s. 


LONDON:  — j.  MOVES,  28  CASTLE  STREET,  LEICESTER  SQUARE. 


. 


ON 

HEAT   AND   ELECTRICITY. 


Fron  ftsptece. 


•p 


e/%- 


Published  by  Haldwin  &  fradock^aternoster  2ww  , 


is.rid30. 


AN 


OUTLINE  OF  THE  SCIENCES 


OF 


HEAT    AND   ELECTRICITY. 


BY  THOMAS  THOMSON,  M.D. 

REGIUS  PROFESSOR  OF  CHEMISTRY  IN  THE  UNIVERSITY  OF  GLASGOW,  F.R.S.  LONDON 
AND  EDINBURGH,  F.L.S.  F.G.S.  MEMBER  OF  THE  CAMBRIDGE  PHILOSOPHICAL  SOCIETY, 
OF  THE  CAMBRIAN  NATURAL  HISTORY  SOCIETY,  OF  THE  IMPERIAL  MEDICO-CHIRUR- 
GICAL  AND  PHARMACEUTICAL  SOCIETIES  OF  ST.  PETERSBURGH,  OF  THE  ROYAL 
ACADEMY  OF  SCIENCES  OF  NAPLES,  OF  THE  MINERALOGICAL  SOCIETY  OF  DRESDEN, 
OF  THE  CAESARIAN  NATURAL  HISTORY  SOCIETY  OF  MOSCOW,  OF  THE  LITERARY 
AND  PHILOSOPHICAL  AND  NATURAL  HISTORY  SOCIETIES  OF  NEW  YORK,  OF  THE 
NATURAL  HISTORY  SOCIETY  OF  MONTREAL,  ETC.  ETC. 


BALDWIN  &    CRADOCK,    LONDON; 

AND 

WILLIAM  BLACKWOOD,  EDINBURGH. 
M.DCCC.XXX. 


E.  Khull  &  Son,  Printers,  8,  East  Clyde  Street,  Glasgow. 


TO 
THE  MOST  NOBLE 

JAMES,   DUKE    OF    MONTROSE, 

CHANCELLOR  OF  THE  UNIVERSITY  OP  GLASGOW, 

fi*.  fr.  frc. 

The  work  which  I  now  lay  before  the  Public  being  intended 
for  the  convenience  and  benefit  of  the  Students  of  Chemistry  belong- 
ing to  the  University  of  Glasgow,  it  becomes  in  some  measure  the 
duty  of  a  medical  professor  in  that  seminary  to  inscribe  it  to  your 
Grace  as  a  trifling,  but  sincere  mark  of  gratitude,  for  your  Graces 
zealous  and  successful  exertions  for  the  improvement  of  the  system 
of  medical  education  in  that  University. 

1  am  anxious  also  to  express  my  sense  of  the  numerous  obliga- 
tions under  which  I  lie  to  your  Grace,  and  my  consciousness  that 
the  only  return  which  I  have  it  in  my  power  to  make,  or  which  your 
Grace  expects  from  me,  is  the  faithful  and  conscientious  discharge 
of  the  important  duties  of  the  station  to  which  your  Grace's  par- 
tiality has  raised  me. 

I  am,  with  the  greatest  respect, 
MY  LORD  DUKE, 

Your  Grace's  very  obedient, 

And  very  obliged  humble  Servant, 

THOMAS  THOMSON. 

Glasgow,  1st  May,  1830. 


PREFACE. 

THE  work,  which  I  here  lay  before  the  Public,  con- 
stitutes an  abridgement  of  the  Lectures  on  Heat  and 
Electricity,  which  I  annually  deliver  in  the  College 
of  Glasgow,  as  a  necessary  introduction  to  the  ele- 
ments of  Chemistry ;  and  which  constitute  about 
a  third  part  of  my  usual  course.  Many  of  the 
students  have  been  in  the  habit  of  applying  to  me  to 
point  out  to  them  a  work  in  the  English  language 
in  which  they  could  find  the  different  topics  which 
I  am  in  the  habit  of  discussing  and  illustrating. 
But  I  found  myself  at  a  loss  for  any  work  exactly 
suited  to  the  objects  in  view.  We  have  many 
excellent  books  on  heat.  But  few  or  none  of  them 
embrace  all  the  topics,  which  the  present  state  of 
chemistry  renders  it  necessary  for  me  to  introduce 
into  my  Lectures.  I  was  therefore  under  the  neces- 
sity of  mentioning  a  variety  of  books,  some  more, 
and  some  less  easily  accessible,  and  which,  there- 
fore, it  was  not  always  in  the  power  of  the  students 
to  procure  when  they  wanted  them. 
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As  for  Electricity,  we  have  many  books  which  give 
a  popular  view  of  the  science,  and  not  a  few  which 
convey  very  accurate  information  respecting  the 
mode  of  making  experiments,  and  which,  therefore, 
are  of  considerable  value  to  the  teacher  ;  but  we 
look  in  vain  for  any  book  in  the  English  language 
which  conveys  a  tolerable  notion  of  the  present 
state  of  that  important  science. 

It  was  to  remove  this  inconvenience,  which  has 
been  long  felt  and  complained  of  by  my  students, 
that  I  have  been  induced  to  draw  up  the  present 
work.  It  will  hereafter  serve  as  a  text  book  to  the 
students  of  chemistry  in  Glasgow  College,  as  it  con- 
tains an  epitome  of  all  the  different  topics  which  I 
discuss,  and  all  the  tables  to  which  I  refer  in  the 
first  part  of  my  course  j  and  I  flatter  myself  that 
the  perusal  of  it  will  render  my  lectures  hereafter 
more  easily  understood  and  remembered  than  when 
the  students  had  no  text  book  to  have  recourse  to. 
I  have  been  at  pains  to  treat  of  every  thing  in  the 
plainest  and  simplest  manner  ;  that  no  difficulties 
in  understanding  it  might  occur  even  to  those 
students  whose  previous  education  has  been  the 
most  imperfect.  I  have  hopes  also  that  it  may  be 
found  worthy  of  the  attention  of  students  of  che- 
mistry in  general,  as  it  contains  as  accurate  a  view 
of  the  important  sciences  of  heat  and  electricity  as 
my  knowledge  of  these  subjects  enabled  me  to  give. 
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The  present  volume  may  be  considered  as  a  new 
and  enlarged  edition  of  the  first  172  pages  of  the 
first  volume  of  my  System  of  Chemistry.  The 
second  part,  on  Electricity,  is  published  to  fulfil  a 
promise  which  I  gave  to  the  public  many  years  ago. 
I  have  withheld  it  thus  long  from  an  unwillingness 
to  encroach  beyond  what  was  absolutely  necessary 
on  the  pecuniary  resources  of  the  students.  This 
second  part,  instead  of  an  abridgement,  constitutes, 
in  fact,  an  extension  of  my  lectures  on  electricity. 
In  the  College  of  Glasgow  the  science  of  electricity 
belongs,  not  to  the  Professor  of  Chemistry,  but  to 
the  Professor  of  Natural  Philosophy.  This  induces 
me  to  confine  my  observations  on  it  to  those 
branches  only  that  are  most  intimately  connected 
with  Chemistry.  But  I  conceive  that  the  connexion 
between  Electricity  and  Chemistry  is  now  so  close 
that  it  is  impossible  to  be  master  of  the  latter  with- 
out being  at  least  acquainted  with  the  principles  of 
the  former. 

It  may  be  proper  to  mention,  that  I  am  prepar- 
ing for  the  press  as  complete  a  view  as  I  can  draw 
up  of  the  simple  substances,  and  their  primary  and 
secondary  compounds,  to  serve  as  a  text  book  for 
the  last  two-thirds  of  my  course.  This  will  be  fol- 
lowed with  as  little  delay  as  possible  by  a  work  on 
Mineral  Waters,  Mineralogy,  and  Geology.  Another 
work  on  Vegetable  Chemistry,  and  another  on  Animal 
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Chemistry,  will  complete  my  plan.  For  in  order  to 
accommodate  the  students  as  much  as  possible,  I 
mean  to  divide  my  System  of  Chemistry  into  five 
separate  works ;  the  first  two  of  which,  consisting 
of  three  volumes,  will  be  sufficient  for  those  who 
are  beginning  to  study  the  science.  Those  who 
wish  to  devote  themselves  to  the  particular  depart- 
ments of  chemistry  will  find  the  requisite  informa- 
tion in  the  other  three  works. 
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INTRODUCTION. 


EVERY  one  who  proposes  to  become  a  student  of 
chemistry,  should  endeavour  in  the  first  place  to 
acquire  a  knowledge  of  the  phenomena  produced 
by  heat  and  electricity.  Heat,  indeed,  occasions 
such  changes  in  bodies,  and  has  so  powerful  an 
influence  on  their  mode  of  acting  on  each  other, 
that  no  man  can  become  a  practical  chemist  without 
studying  the  effects  which  it  produces.  Hence  it 
has  been  customary  in  this  country  ever  since  the 
time  of  Dr.  Cullen,  to  devote  (in  all  Universities 
where  chemistry  is  taught)  a  part  of  the  course  to 
explain  the  effects  of  heat  on  bodies,  and  the  instru- 
ments by  which  these  effects  are  measured. 

Electricity  was  long  considered  as  a  branch  of 
physics  unconnected  with  chemistry,  and  depend- 
ing upon  quite  other  principles.  Hence  in  our 
Universities  it  has  been  hitherto  considered  as 
belonging  exclusively  to  the  Professor  of  Natural 
Philosophy.  But  the  discovery  of  the  chemical 
decompositions  produced  by  the  Voltaic  battery, 
and  of  the  connection  which  seems  to  exist  between 
the  state  of  the  electricity  of  different  bodies  and 
their  affinity  for  each  other,  or  their  tendency  to 
combine  with  each  other  or  to  separate  from  each 
other,  has  rendered  it  evident  that  electricity  and 
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chemistry  are  intimately  connected  with  each  other; 
if  they  do  not  ultimately  depend  upon  the  very 
same  principles.  Hence,  in  the  present  state  of 
the  science,  every  chemist  finds  it  necessary  to 
acquire  a  knowledge  of  the  principal  phenomena  of 
Electricity.  Indeed  these  phenomena  are  of  so 
much  importance,  that  it  is  much  to  be  regretted 
that  the  explanation  of  them  does  not  constitute  a 
more  prominent  part  of  our  University  education. 
But  unfortunately  the  course  of  study  followed  in 
these  national  seminaries  was  arranged  at  a  time 
when  many  of  the  most  important  branches  of 
science  were  only  in  a  state  of  infancy:  and  it  is 
not  in  the  power  of  the  present  race  of  Professors 
to  alter  or  improve  it.  All  that  can  be  done  by 
the  individual  Professors,  is  to  adapt  their  lectures 
as  much  as  possible  to  the  present  advanced  state 
of  the  sciences,  which  it  is  their  province  to  teach. 
And  this  has  been  attended  to  by  the  Professors  in 
the  Scottish  Universities  as  much  as  was  possible. 

The  object  of  the  present  work  is  to  lay  an  out- 
line of  the  more  important  doctrines  of  Heat  and 
Electricity  before  the  Chemical  Reader.  It  will 
be  divided  into  two  parts  :  in  the  first  part  I  shall 
treat  of  Heat;  in  the  second,  of  Electricity. 


PART  I. 
OF    HEAT. 


THE  word  heat  in  the  English  language  is  used  to    Part  i- 
express  two  different  things.    It  sometimes  signifies  Meaning  of 
a  sensation  excited  in  our  organs,  and  sometimes  a  {Jjat?rm 
certain  state  of  the  bodies  around  us,  in  consequence 
of  which  they  excite  in  us  that  sensation.     The 
word  is  used  in  the  first  sense  when  we  say  that  we 
feel  heat ;  and  in  the  second,  when  we  say  that 
there  is  heat  in  the  fire.     In  chemistry,  the  word 
heat  is  always  employed  in  the  second  of  these  sig- 
nifications.    It  denotes  that  state  or  condition  of  a 
body  by  which  it  excites  in  us  the  sensation  of  heat. 

When  the  French  chemists  contrived  the  new  caloric, 
Chemical  Nomenclature  in  1787,  they  thought w 
that  it  would  be  advantageous  to  possess  a  distinct 
word  for  each  of  these  two  meanings.  Accordingly 
they  restricted  the  word  heat  to  the  sensation,  and 
invented  the  term  caloric  to  denote  the  cause  of 
this  sensation,  or  the  condition  of  bodies  by  which 
that  sensation  is  produced.  This  innovation  was 
unnecessary,  and  it  had  the  effect  of  fixing  down 
the  opinions  of  chemists  to  the  hypothesis  respect- 
ing heat,  adopted  by  the  contrivers  of  the  new 
nomenclature ;  namely,  that  heat  is  not  a  property 
of  matter,  but  a  peculiar  substance;  although  no 
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Parti,    evidence  sufficiently  decisive  to  settle  this  disputed 

"  point  has  hitherto  been  advanced. 
Heat  very        Heat,  whether  it  be  a  substance  or  a  quality, 

communi-     .  TI  •       i  T        n  i       -i 

cable.  is  exceedingly  communicable  from  one  body  to 
another.  If  we  take  a  lump  of  hot  iron  out  of  the 
fire,  we  cannot  prevent  it  from  communicating  its 
heat  to  all  the  bodies  in  its  neighbourhood.  If  a 
hot  body  be  placed  in  contact  with  colder  bodies, 
it  communicates  heat  to  them,  and  continues  to  do 
so  till  all  the  bodies  be  reduced  to  the  same  tem- 
perature. If  a  cold  body  be  placed  in  the  midst  of 
hot  ones,  it  receives  heat  from  them,  and  continues 
to  do  so  till  they  are  all  reduced  to  the  same  tem- 
perature. The  common  opinion  is,  that  in  all  such 
cases  the  hot  body  loses  something,  which  the  cold 
body  imbibes.  And  this  opinion  has  been  univer- 
sally adopted  by  all  those  who  have  examined  the 
subject  more  profoundly.  According  to  some  phi- 
losophers, heat  depends  upon  a  tremor  or  vibration 
excited  in  bodies  ;  according  to  others,  upon  an 
exceedingly  subtile  and  active  matter  introduced 
into  their  pores;  and  according  to  others,  upon  a 
vibration  excited  in  a  subtile  matter,  which  naturally 
exists  in  every  body,  though,  except  when  thus 
excited,  in  a  state  of  rest. 

Opinions  Bacon  was  the  first  person  who  formally  investi- 
gated  the  nature  of  heat.  In  his  treatise  de  forma 
calidi,  which  he  offered  to  the  public  as  a  model  of 
the  proper  method  of  prosecuting  investigations  in 
natural  philosophy,  he  enumerates  all  the  facts 
respecting  heat  that  were  then  known  ;  and  en- 
deavours, from  a  careful  examination  of  them,  to 
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form  a  well-founded  opinion  respecting  its  cause.  Part 
The  only  conclusion  which  he  was  able  to  draw 
from  his  premises,  was  the  very  general  one,  that 
heat  is  motion.  In  this  opinion  Lord  Bacon  has 
had  a  great  many  followers,  particularly  among 
the  philosophers  of  Great  Britain  :  but  it  has  been 
adopted  with  two  different  modifications. 

Mr.  Boyle  seems  to  have  supposed  that  this  mo- 
tion is  in  the  small  particles  of  heated  bodies,  and 
that  it  consists  in  a  rapid  vibration  of  these  particles. 
This  seems  likewise  to  have  been  the  notion  enter- 
tained by  Sir  Isaac  Newton,  as  may  be  inferred 
from  the  queries  at  the  end  of  his  optics.  It  was 
also  the  opinion  of  Mr.  Cavendish,  and  seems  like- 
wise to  be  the  view  of  the  subject  embraced  by  Dr. 
Thomas  Young. 

But  the  greater  number  of  the  French  and  Ger- 
man chemists  of  the  last  century  conceived  that 
the  motion  in  which  heat  consists,  is  not  a  tremor 
of  the  particles  of  the  hot  body,  but  of  the  particles 
of  a  subtile,  highly  elastic,  and  penetrating  fluid 
which  is  contained  among  the  pores  of  hot  bodies, 
or  interspersed  among  their  particles.  This  matter 
they  consider  as  diffused  through  the  whole  uni- 
verse, and  as  pervading  with  ease  the  densest 
bodies. 

All  the  knowledge  which  we  possess  or  can  ever 
acquire  respecting  heat,  is  that  of  the  different 
effects  which  it  produces  upon  bodies.  We  must, 
therefore,  before  we  can  be  prepared  to  form  any 
opinion  respecting  the  nature  of  heat,  take  an 
accurate  survey  of  these  effects.  Now  the  general 
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Part  i.  effects  of  heat  are  expansion,  fluidity \  vaporization, 
ignition,  and  combustion.  These  will  form  the  sub- 
ject of  the  five  following  chapters.* 

*  I  have  adopted,  in  treating  of  heat,  the  arrangement  of  Dr. 

.   Black,  from  whose  lectures  I  imbibed  my  first  knowledge  of  this 

subject.     It  is  very  simple,  and  seems  to  me  better  adapted  to  the 

present  state  of  our  knowledge,  than  the  more  elaborate  method 

which  I  followed  in  the  former  editions  of  my  System  of  Chemistry. 


CHAPTER  I. 

OF  THE  FIRST  EFFECT  OF  HEAT,  EXPANSION. 


IN  this  chapter  I  shall,  in  the  first  place,  give  an   chap.  i. 
account  of  expansion,  or  that  increase  of  bulk  which  ~~ 
takes  place  when  bodies  are  heated.    This  will  con- 
stitute the  first  section.     In  the  remaining  sections 
of  this  chapter,  I  shall  treat  of  certain  phenomena 
of  heat,  the  knowledge  of  which  may  be  considered 
as  directly  derived  from  the  doctrine  of  expansion. 

SECTION  I.     OF  EXPANSION  IN  GENERAL. 

By  expansion  is  meant  an  increase  in  the  bulk  of 
bodies,  which  is  observed  to  take  place  when  they 
are  heated  ;  while  there  is  a  corresponding  con- 
traction when  their  temperature  is  diminished. 

Bodies  exist  in  nature  in  three  states ;  namely, 
the  state  of  gases  or  vapours,  the  state  of  liquids, 
and  the  state  of  solids.  Common  air  furnishes  a 
good  example  of  a  body  in  the  gaseous  state,  water 
of  a  body  in  the  liquid  state,  and  iron  of  a  body  in 
the  solid  state.  Now  gases  and  vapours  expand 
most  when  heated,  liquids  expand  less,  and  solids 
least  of  all  when  subjected  to  the  same  increase  of 
temperature. 

1.  An  accurate  knowledge  of  the  rate  of  expan-  Expansion 

n  IT          •  •  i      •      •  •'  .    °f  gases. 

sion  or  gaseous  bodies  is  essential  to  their  investi- 
gation.    Little  progress  could  be  made  in  deter- 
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chap.  i.  mining  their  properties  or  constitution  till  this  point 
"~  was  settled  ;  which  it  was  soon  after  the  commence- 
ment of  the  present  century,  by  Mr.  Dalton  and 
M.  Gay-Lussac.  The  experiments  of  Mr.  Dalton 
were  read  to  the  Philosophical  Society  of  Manches- 
ter, in  October,  1801,  and  published  early  in  1802.* 
To  him,  therefore,  the  honour  of  discovering  the 
law  of  the  dilatation  of  gaseous  bodies  must  be 
ascribed  ;  for  M.  Gay-Lussact  did  not  publish  his 
dissertation  on  the  expansion  of  gaseous  bodies  till 
more  than  six  months  after  the  appearance  of  Mr. 
Dal  ton's  paper.  The  great  source  of  fallacy  in 
experiments  on  the  dilatation  of  air  and  gases  by 
heat,  is  leaving  the  portion  experimented  on  in 
contact  with  moisture ;  because  as  the  tempera- 
ture increases,  more  and  more  of  this  moisture  is 
converted  into  vapour,  mixes  with  the  portion  of 
gas  under  examination,  and  greatly  increases  its 
bulk.  Mr.  Dalton  and  M.  Gay-Lussac,  by  keeping 
the  gases  experimented  on  dry,  were  enabled  to 
discover  that  all  gases  experience  the  same  aug- 
mentation of  bulk  when  subjected  to  the  same  aug- 
mentation of  temperature. 

Equable.  According  to  Dalton,  when  1000  volumes  of  air 
are  heated  from  32°  .to  212°,  they  become  1325 
volumes.  According  to  Gay-Lussac,  they  become 
1375  volumes.  While  Mr.  James  Crichton  of 
Glasgow,  who  repeated  the  experiment  with  the 
most  minute  attention  to  accuracy,  obtained  an 

*  Memoirs  of  the  Literary  and  Philosophical  Society  of  Man- 
chester, vol.  v.  part  2.  p.  595. 
Ann.  de  Chirn.  xliii.  137. 
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increase  from  1000  to  1374'8  volumes,  which  dif-    Sect- [- 
fers  very  little  from  the  estimate  of  Gay-Lussac. 

According  to  Dalton,  the  expansion  for  1°  is 
TST,  according  to  Gay-Lussac,  it  is  ¥£<j,  while  Mr. 
Crichton's  result  gives  us  the  expansion  for  1°, 
ss<j?j.  Gay-Lussac's  estimate  is  generally  adopted 
by  chemists  as  giving  the  real  expansion  ;  though 
I  have  little  doubt  that  Mr.  Crichton's  constitutes 
a  still  nearer  approximation  to  the  truth. 

The  knowledge  of  this  law  supplies  us  with  an 
easy  method  of  determining  what  the  bulk  of  a  gas 
would  be  at  a  given  temperature,  provided  we  know 
its  bulk  at  any  other  temperature.* 

It  is  at  present  the  opinion  of  chemists,  that  air 


*  To  perform  this  reduction  with  accuracy  we  must  attend  to 
the  following  rules  : 

1.  If  the  temperature  of  the  air  be  32°,  and  we  wish  to  know  its 
bulk  at  a  higher  temperature,  for  example  at  60°.  Subtract  32° 
from  480.  The  remainder  is  448.  To  this  number  448,  add  the 
degrees  above  zero  indicating  the  temperature  of  the  air.  These 
are  32  and  60  ;  making  480  and  508.  Then  say  480  :  508  :  :  b 
(bulk  of  air  at  32°)  :  &  (bulk  at  60°).  Let  b  =  100  ;  then  480  : 
508  :  :  100  :  105-832  =  volume  of  air  at  60°. 

2.  If  the  two  temperatures  be  higher  than  32°  the  method  is  the 
same.     Example,  wanted  the  volume  of  air  at  60°  which  measures 
100  at  50°. 

448  +  50  =  498         498  :  508  :  :  100  :  102-008  =  volume 
448  +  60  =  508         of  air  at  60°. 

3.  To  reduce  the  volume  v  of  a  gas  of  the  temperature  t  to 

1    1  W        |        j/ 

the  lower  temperature  t'9  multiply  by  44,3  4.  /  '     -Let  *  =    80°, 


96-2121  =  volume  at  60°. 
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chap.  i.  and  all  gases  experience  the  same  increase  of  volume 
by  the  same  increase  of  temperature,  at  whatever 
previous  temperature  this  heat  is  applied.  In  other 
words,  that  the  expansion  of  all  the  gases  is  equa- 
ble. It  is  scarcely  possible  to  demonstrate  the  truth 
of  this  opinion  experimentally,  because  we  have 
no  means  of  measuring  temperature,  except  by  ex- 
pansion. But  the  opinion  is  founded  on  very 
plausible  reasons :  and  if  we  admit  its  truth,  then 
the  expansibility  of  all  liquids  and  solids  increases 
with  the  temperature  to  which  they  are  subjected. 
Gay-Lussac  found  the  expansion  of  steam  and. 
of  the  vapour  of  sulphuric  ether  the  same  as  that  of 
air.  It  has  been  concluded  from  this,  that  vapours 
follow  the  same  law  and  rate  of  expansion  with 
gases  ;  and  therefore  that  all  elastic  fluids  agree 
with  each  other  in  this  important  property. 

^'  ^°  suc^  general  law  exists  respecting  the 
expansibility  of  liquids.  Every  liquid  has  an  expan- 
sibility peculiarly  its  own,  and  which  therefore  may 
be  called  specific.  All  that  can  be  done  therefore, 
is  to  determine  the  degree  of  expansion  which  each 
liquid  undergoes,  when  subjected  to  a  given  increase 
of  temperature.  The  following  table  exhibits  the 
dilatation  of  various  liquids,  from  32°  to  212°,  sup- 
posing the  bulk  at  32°  to  be  1. 

Alcohol*              .         ....  .  .  0-11000=     if 

Nitric  acid*  (Sp.  gr.  1-4)  .  _,,  0-11000  =     \ 

Whale  oil  (from  60°  to  212°)  ..  .  0-08548  =  T1!.7 

Fixed  oils*          ,  0-08000  =    7^ 

*  Dalton's  New  System  of  Chemical  Philosophy,  i.  29. 
t  The  expansion  is  from — 8°  to  172°. 
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Sulphuric  ether*         *,r      .      ii^i  ^  '0-07000   =     TV      Sect- J- 
Oil  of  turpentine     :rt,     -  ;V.7     «i      :•     0-07000=     ^ 
Sulphuric  acid    (Sp.  gr.  1-85)    .,,        ,     0-06000   =     Ty 
Muriatic  acid*  (Sp.  gr.  1-137)    7     " "*!'.'  0-06000   =     Ty 
Brine  or  water  saturated  with  salt*       .     0-05000   =     ^ 
Water*      ';,  ' '^     .  ';'c    V1       ^       •     0-04444=    fffy 
Water  from  42°-5  to  21 2°f       ir:.  '       .     0-04393=^7^ 
Mercury}  .         .^       .      -••,'-••      .     0*018018=   yy*.y 

Mercury§  .       ifj/S     '.-t:-,       .     0-01758=     yjy 

Mercury  ||  ....         ^   0-01680   =     ^ 

Mercuryf  .         .      |>  j    -,r*;        .     0-01852  =     ylT 

Mercury**  .         .         .      ,   V|      ;•     0-01872  =     yV 

Mercuryff-  .         .,tl    „,      ^  fi  ;.^r  0-02000   =     ^ 

Liquids  differ  from  gaseous  bodies  in  another  cir- 
cumstance. Their  expansibility  is  not  uniform  ; 
but  the  rate  of  expansion  increases  with  the  tem- 
perature, and  is  therefore  the  greater,  the  higher 
the  elevation  at  which  a  given  quantity  of  heat  is 
added  to  them.  Liquids  differ  from  gaseous  bodies 
in  a  very  remarkable  circumstance.  The  particles 
of  gaseous  bodies  repel  each  other,  but  those  of 
liquids  attract,  as  is  evident  from  their  collecting 
together  in  spherical  drops.  It  has  been  ascertained 
that  the  force  of  this  attraction  differs  very  much 
in  different  liquids.  For  example,  it  is  much  greater 
between  the  particles  of  mercury,  than  between 
the  particles  of  water.  Now  these  attractions 
diminish  at  a  great  rate,  as  the  distance  between 

*  Dalton's  New  System  of  Chemical  Philosophy,  i.  29. 
t  Mr.  Crichton,  Annals  of  Philosophy,  (second  series)  vii.  244. 
J  Dulongand  Petit.     §  Hollstroem,  Gilberts  Annales,  xvii.  107. 
||  General  Roy.  ^j  Shuckburgh,  Lavoisier  and  Laplace. 

**  Lord  Charles  Cavendish.  ft  Dalton. 
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chap.  i.    the  particles  of  the  liquid  increase.     It  is  obvious 


that  this  attraction  between  the  liquid  particles 
must  act  as  an  antagonist  to  the  expansion  produced 
by  heat.  Hence,  the  reason  that  every  liquid  has 
an  expansion  peculiarly  its  own  ;  and  hence  also 
the  reason  why  the  rate  increases  with  the  tem- 
perature. Every  increase  of  temperature  weakens 
the  attraction  between  the  particles  of  the  liquid, 
by  increasing  their  distance  from  one  another,  and 
of  course  must  augment  the  effect  produced  by  a 
given  increment  of  heat. 

Accurate  experiments  on  the  rate  of  the  expan- 
sion of  few  liquids  have  been  hitherto  made.  The 
following  table  exhibits  the  rate  of  the  dilatation  of 
mercury  for  the  three  first  thermic  units,*  as  deter- 
mined by  the  experiments  of  Dulong  and  Petit.t 


From  32°  to  212° 
212  to  392 

392  to  582 


Dilatation 
of  Mercury. 


53-00 


Expansion  Water  varies  in  the  rate  of  its  dilatation  more 
than  most  liquids.  The  following  table  exhibits  the 
increase  of  bulk  of  1  of  water  at  various  tempera- 
tures, from  30°  to  212°,  as  determined  by  the  ex- 
periments of  Gilpin  and  Kirwan. 

Temp. 

30°  Gilpin 
32  G  . 
34  G  . 

*  By  thermic  unit  is  meant   180°,  or  the  number  of  degrees 
between  freezing  and  boiling  water, 
f  Annals  of  Philosophy,  xiii.  118. 


Expansion. 

0-0020 
0-0012 

Temp. 

39    Gilpin 
44   G       . 

Expansion. 

.    -ooooo 

.     -00006 

•00006 

48    G    %  *ra 

.     -00018 
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Expansion. 

•00022 
•00049 

Temp. 

100°  Gilpin 
102    Kirwan 

Expansion.          Sect.  I. 

.     '00692 

'  .     -00760 

•00086 

122    K       .' 

'  i     -01258 

•00133 

142    K       . 

.     -01833 

•00188 

162    K       . 

k  ...  -02481 

•00251 

182    K       . 

.     -03198 

•00321 

202    K 

.     -04005 

•00491 

212    K    •  . 

•04333* 

Temp. 

49°  Gilpin 

54    G  . 

59    G  . 

64    G  . 

69    G  . 

74    G  . 

79    G  . 
90    G 


If  we  denote  the  degree  of  Fahrenheit's  thermo- 
meter byf,  the  expansion  of  water,  reckoning  either 
way  from  39°,  is  nearly  expressed  by  O000022/2 — 
0-00000000435/3,  as  was  first  pointed  out  by  Dr. 
Young.t 

Gay-Lussact  has  turned  his  attention  to  the  phe- 
nomena of  the  expansion  of  liquids.  The  following 
table  exhibits  the  result  of  his  researches.  He  sup- 


*  The  following  table  exhibits  the  specific  gravity  of  water  at 
different  temperatures,  as  deduced  from  the  experiments  of  Cap- 
tain Kater.  It  differs  somewhat  from  the  table  given  above. 


Temp. 

50° 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Sp.  gravity. 

1-0005 

Temp. 

61° 

1-0005 

62 

1-0005 

63 

1-0004 

64 

1-0004 

65 

1-0004 

66 

1-0003 

67 

1-0003 

68 

1-0002 

69 

1-0002 

70 

1-0001 

Sp.  gravity. 

1-0001 
1-0000 
0-9999 
0-9999 
0-9998 
0-9997 
0-9996 
0-9996 
0-9995 
0-9994 


t  Young's  Lectures  on  Natural  Philosophy,  ii.  392. 
{  Ann.  de  Chim.  et  Phys.,  ii.  130. 
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chap.  i.  poses  the  volume  of  each  of  the  liquids  at  its  boiling 
~  temperature  to  be  1000.  The  table  represents  the 
contractions  which  each  liquid  experienced  when 
cooled  down  every  five  degrees  centigrade  below 
its  boiling  point.  The  temperatures  at  which  the 
different  liquids  tried  boiled  were  as  follows  : 

QU\,  .         ..-,      •(  -     • 

Water  .  .212° 

Alcohol  .  .     173-14 

Sulphuret  of  carbon  .     116*1 

Sulphuric  ether  .       96-2 


Tempera- 
ture. 

Water. 

Alcohol. 

Sulphuret  of 
carbon. 

Ether. 

Contractions. 

Contractions. 

Contractions. 

Contractions. 

0° 

0-00 

o-oo 

0-00 

o-oo 

5 

3-34 

5-55 

6-14 

8-15 

10 

6-61 

11-43 

12-01 

16-17 

15 

10-50 

17-51 

17-98 

24-16 

20 

13-15 

24-34 

23-80 

31-83 

25 

16-06 

29-15 

29-65 

39-14 

30 

18-85 

34-74 

35-06 

46-42 

35 

21-52 

40-28 

40-48 

52-06 

40 

24-10 

45-68 

45-77 

58-77 

45 

26-50 

50-85 

51-08 

65-48 

50 

28-56 

56-02 

56-28 

72-01 

55 

30-60 

61-01 

61-14 

78-38 

60 

32-42 

65-96 

66-21 

65 

34-02 

70-74 

70 

35-47 

75-48 

75 

36-70 

80-11 

From  the  preceding  table  it  appears  that  alcohol 
and  sulphuret  of  carbon  undergo  the  same  dilata- 
tion. Gay-Lussac  has  shown  that  they  likewise 
form  the  same  volume  of  vapour  when  exposed  to 
a  boiling  temperature. 
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Alcohol  forms  488-3  its  volume  of  vapour. 

Sulphuret  of  carbon  491'1  its  volume  of  vapour. 

The  following  table  exhibits  the  degrees  marked 
upon  thermometers  filled  with  different  liquids  at 
the  same  temperature  as  determined  by  the  experi- 
ments of  De  Luc.*  The  tubes  containing  these 
liquids  were  of  glass ;  but  as  he  does  not  mention 
their  capacities,  nor  the  value  of  a  degree,  the 
table  does  not  enable  us  to  determine  the  expansion 
of  the  liquids  used. 


Sect.  I. 


Mercury. 

Olive  oil. 

Essential 
oil  of 
camomile. 

Essential 
oil  of 
thyme. 

Alcohol  ca- 
>able  of  set- 
ing  fire  to 
gun  powder. 

Water  satu- 
rated with 
common 
salt. 

Water. 

80° 

80° 

80° 

80° 

80° 

80° 

80° 

75 

74-6 

74-7 

74-3 

73'8 

74-1 

71-0 

70 

69-4 

69-5 

68-8 

67-8 

68-4 

62-0 

65 

64-4 

64-3 

63-5 

61-9 

62-6 

53-5 

60 

59-3 

59-1 

58-3 

56'2 

57-1 

45-8 

55 

54-2 

53-9 

53-3 

50'7 

51-7 

38-5 

50 

49-2 

48-8 

48-3 

45-3 

46-6 

32-0 

45 

44-0 

43-6 

43-4 

40'2 

41-2 

26-1 

40 

39-2 

38-6 

38-4 

35-1 

36-3 

20-5 

35 

34-2 

33-6 

33-5 

30'3 

31-3 

15-9 

30 

29-3 

28-7 

28-6 

25'6 

26-5 

11-2 

25 

24-3 

23-8 

23-8 

21-0 

21-9 

7-3 

20 

19-3 

18-9 

19-0 

16'5 

17;3 

4-1 

15 

14-4 

14-1 

14-2 

12'2 

12-8 

1-6 

10 

9-5 

9-3 

9-4 

7'9 

8-4 

0-2 

5 

4-7 

4-6 

4-7 

3'9 

4-2 

0-4 

0 

o-o 

0-0 

0-0 

o-o 

0-0 

0-0 

—5 

—3-9 

—4-1 

—10 

—7-7 

—8-0 

In  these  thermometers  0  denotes  the  temperature 

*  Recherches  sur  les  Modifications  de  1' Atmosphere,  i.  271. 
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chap.  i.   at   which   water  freezes,  80°  the   temperature   at 

~  which  it  boils. 
Law  of  ex-      Mr.  Emmett  has  observed  that  if  the  temperatures 

pansion  of  . 

liquids.  or  liquids  be  taken  in  arithmetical  progression,  the 
volumes  at  these  temperatures  are  the  logarithms 
of  a  certain  series  of  numbers  in  arithmetical  pro- 
gression ;  which  latter  are  of  course  the  reciprocals 
of  a  series  of  numbers  in  harmonical  progression.* 
The  following  tables  will  serve  to  illustrate  this  law, 
which  constitutes  a  near  approximation  to  the  truth. 


Temp. 

50° 
80 

110 

140 

170 

200 


Temp. 

50° 
80 

110 

140 

170 

200 


Temp. 

50° 

80 


MERCURY. 


Volume. 

100183 

—508 

—813 

-1119 

—  1424 

—  1730 


Log.  of. 

12594-5 

12603-98 

12612-8 

12621-7 

12630-6 

12639-5 


SULPHURIC  ACID. 

Volume.  Log.  of. 

100000  Vj-;  12591-6 

806  -S-si  12612-6 

—1540  ;j<*  12633-9 

—2320  ;.'f;:  12659-4 

—3116  ;i.f'  12680-0 

—3911  Vi-  12703-1 

NITRIC  ACID. 

Volume.  Log.  of. 

100000    .    12589-2 
—1530        12633-6 


Diff.  of  numb. 

9-48 

8-82 

8-9 

8-9 

8-9 

Diff.  of  numb. 

21-0 
213 
25-5 
20-6 
23-1 

Diff.  of  numb. 

44-4 


*  Annals  of  Philosophy  (2d  Series),  viii.  254.  The  tables  are, 
I  believe,  founded  on  a  set  of  experiments  which  I  made  many 
years  ago,  and  which  I  inserted  in  an  early  edition  of  my  Chemistry. 
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Temp.                              Volume.                                 Log.  of.  Diff.  of  numb.       Sect   I 

110°      -.    ;      103196         ^  12682-2  .       48-6      

140         :  .  ^      —5132       (.. •]:  12738-9  «^v.;  46-7 

WATER. 

Temp.                              Volume.  Log.  of.  Diff.  of  numb. 

50°    . 

70     .    197    .  12594-9  4-9 

90   >'»!  d 694   ^/*  12669-3  W;'   4-4 


Volume. 

100023 

Log.  of. 

Q0-  i      12590-0 

197 

12594-9 

694 

k.?*      12669-3 

ALCOHOL. 

Volume. 

100539 
—  1688 

Log.  of. 

^'        12604-8 
™y.       12638-2 

—2890 

J-i^      12673-3 

—4162 

12710-4 

Temp.  Volume.  Log.  of.  Diff.  of  numb. 

40° 

60  .  —1688         .  12638-2  .       33-4 

80  <•'?*'  —2890  ifU''  12673-3  •$     S5-1 

100  j:  —4162  -uq.  12710-4  Vv37'l 

3.  Solids  are  precisely  in  the  same  situation  with  Expansion 
liquids  as  far  as  their  expansion  by  heat  is  concerned. 
Their  particles  attract  each  other,  with  more  or  less 
force  according  to  the  solid.  This  attraction  opposes 
the  expanding  power  of  heat.  Hence  every  solid 
must  have  a  degree  of  expansion  peculiar  to 
itself;  and  the  rate  of  expansion  in  solids  as  well 
as  liquids  must  increase  as  their  temperatures 
augment. 

As  glass  tubes  filled  with  mercury  are  employed 
in  order  to  measure  temperature,  it  becomes  an 
object  of  great  consequence  to  determine  the  dila- 
tability  of  different  kinds  of  glass  by  heat.  Mr. 
James  Crichton  of  Glasgow  has  examined  this  dila- 
tability  with  uncommon  care.  The  following  table 
exhibits  the  results  of  his  experiments. 


i. 
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Chap.  I. 


Expansion 
of  glass. 


Colourless  glass 
Brownish  red 
Deep  blue 
Dusky  red 
Dulong  and  Petit's 

1  in  volume  at  32* 
becomes  at  212° 

1  in  length  at  32« 
becomes  at  212° 

Sp.  gr. 

3-176 
3-301 
3-229 
3-274 

In  Decimal.   In  Vulg.  fr. 

1-002094  ¥7y  ., 

1-002147  ^ 
1-002365  ^yy 
1-002403      *  -T 

1-002344  ^W 

In  Decimal.     In  Vulg.  fr. 

1-0006963  T^ 
1-0007158  T^t, 
1-0007861  TJ72 
1-0008012  TJJT 
1-0007788  TJF5* 

Different  kinds  of  glass  differ  so  much  from  each 
other  that  no  general  rule  can  be  laid  down. 
Lavoisier  and  Laplace  found  that  it  was  the  less 
dilatable  by  heat  the  more  lead  it  contained.t 
Several  determinations  will  be  found  in  the  pre- 
ceding tables,  and  I  shall  add  some  more  here. 
Ramsden  found  the  expansion  between  32°  and 
212°  of  a  solid  glass  rod  0-0096944,  and  that  of  a 
glass  tube  0*0093138.  De  Luc's  experiments  on 
the  expansion  of  thermometer  and  barometer  tubes 
may  be  seen  in  the  following  table. 


Temp.            Bulk. 

32°     100000 
50       100006 
70       100014 

Temp             Bulk. 

100°      100023 
120       100033 
150       100044 

Temp.             Bu'k. 

167°      100056 
190       100069 
212       100083 

I  shall  introduce  here  the  table  of  the  expansion 
of  different  solid  bodies  from  32°  to  212°,  as  deter- 
mined by  Lavoisier  and  Laplace,  in  1782.  The 
experiments  seem  to  have  been  made  with  very 
great  care.  They  were  supposed  to  have  been 
lost ;  but  have  lately  been  recovered  and  published 
by  Biot.t 

*  The  correction  pointed  out  by  Mr.  Crichton  in  the  calcula- 
tions of  Dulong  and  Petit  has  been  made.  See  Annals  of  Philo- 
sophy (2d  series),  vii.  24. 

t  Biot.  Traite  de  Physique,  i.  157.   f  Traite  de  Physique,  i.  158. 
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Substances  tried. 

Glass  of  Saint  Gobain 

Glass  tube  without  lead  .  , 

Ditto  0,  ' 

Ditto  f» .  - 

English  flint  glass 

French  glass  with  lead  ,' • 

Copper          t).  .          i  «;j 

Copper          0* 

Brass  0 .          if.  x 

Brass  I)  £,  •        *:wix          *^:  ( 

Hammered  iron 

Iron  wire 

Hard  steel        .  «    .      [j  f^k 

Soft  steel       O.I,      futff»      >^i!  J 

Tempered  steel 

Lead  0. 

Malacca  tin  .          q  <(-, 

Tin  from  Falmouth  ,  ^.  r 

Cupelled  silver  ,,f.:?        +,tt. 

Silver,  Paris  standard 

Pure  gold         .  . 

Gold,  Paris  standard,  not  softened 

Ditto,  softened 

In  the  year  17^4,  Mr.  Smeaton  published  a  set 
of  experiments  on  the  expansion  of  different  sub- 
stances measured  by  means  of  a  very  ingenious 
instrument  of  his  own  invention,  described  by  him 
in  the  Philosophical  Transactions  for  that  year.* 
The  following  table  shows  the  expansions  which 
the  different  substances  tried,  undergo  from  32°  to 
supposing  the  original  bulk  to  be  1. 

*  Phil.  Trans.  1754,  p.  598. 


Length  of  a  rule  at 
212°  which  at  32° 

Dilatation       QnP*    I 
in  vulgar           'CCt'  * 

is  1,00000000. 

fractions.    —  —  —  — 

1,00089089 

TT22     Kxperi- 

1,00087573 

l           incuts  of 
TT¥J     Lavoisier 

1,00089760 

TTT¥    a"adreLa" 

1,00091751 

TffW 

1,00081166 

1 

1,00087199 

TT£ 

1,00172244 

ZTFT 

1,00171222 

1 

1,00186671 

J7J 

1,00188971 

*iu 

1,00122045 

i_ 

1,00123504 

ST2" 

1,00107875 

sir 

1,00107956 

Vtt 

1,00123956 

#07 

1,00284836 

73T 

1,00193765 

j_ 

1,00217298 

1 

1,00190974 

1 

1,00190868 

7Zt 

1,00146606 

1 

1,00155155 

75-ij 

1,00151361 

TTTTT 
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Chap.  I. 

Experi- 
ments of 
Smeaton. 


Of  General 
Hoy. 


White  glass  barometer  tube  .  0-00083 

Antimony  .  .  .  0-001083 

Blistered  steel      I.  .  .  0-001125 

Hard  steel          &  .'.*          .  0-001225 

Iron       -ItfrC      ,6.    -          .  .  0-001258 

Bismuth  tii».  .  Y  0-001392 

Copper  hammered  .  .  ?  0-001700 

Copper,  8  parts  mixed  with  tin  1  0-0018166 

Brass,  16  parts  with  tin  1  .  0-001908 

Brass  wire  ;i ..-  .  *  0-001933 

Speculum  metal  .  ^  0-001933 

Spelter  solder,  viz.  brass  2,  zinc  1  0-002058 

Fine  pewter        I.  .  .  0-002283 

Grain  tin  .  .  .  0-002483 

Soft  solder,  viz.  lead  2,  tin  1          .  0-002508 

Zinc,  8  with  tin  1,  a  little  hammered  0-002692 

Lead         .  ?.  V  .  0-002867 

Zinc       8l£3       f .  '          .  .  0-002942 

Zinc  hammered  ^  inch  per  foot  0-003011 

The  following  table  exhibits  the  dilatations  of 
different  substances  as  determined  by  General  Roy, 
the  accuracy  of  whose  experiments  is  well  known. 

Glass  tube          .  .  f"  ,f).  0-00077615 

Glass  rod  .  .  " .'  0-00080787 

Cast-iron  prism  *.  *.  0'0011094 

Steel  rod        C0fi         .  .  0-0011447 

Brass  scale,  supposed  from  Hamburg  0-0018554 

English  plate  brass  rod  <f%  \  0-001875 

English  plate  brass  trough      '  .    ,  0-0018928 

In  the  following  table  I  shall  give  the  result  of 
the  trials  of  some  other  artists  and  philosophers  on 
the  expansion  of  some  other  bodies,  reckoning  as 
usual  the  bulk  at  32°  to  be  1.  The  expansion 
given  is  from  32°  to 
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Steel  cr^J-  0-0011899.  Troughton.  Sect.  I. 

Silver  >,  ;  ;  0-0020826.  Troughton. 

Copper          .  O0019188.  Troughton. 

Iron  wire      .,  0-0014401.  Troughton. 

Iron  V,  0-001446.  Hallstrom. 

Platinum       i  *  0-0009918.  Troughton. 

Platinum  "'V*.  0-00085655.  Borda. 

Palladium     'l1  0-0010.  Wollaston. 

The  following  table  exhibits  the  expansion  of  an 
iron  rod  in  length  for  different  temperatures,  as 
determined  by  the  experiments  of  Hallstrom,  I 
believe  with  considerable  accuracy. 

Temp.  Length  of  an  iron  rod.  1st  Diff.  2d  Diff.       3d  Diff.      Expansion 

—  40°         .         0-999632  ofiron- 

—  22 

—  4 
+   14 

32 

50 

68 

86 
104 
122 
140 
158 
176 
194 
212 

We  see  from  this  table  that  the  dilatation  of  iron 
increases  with  the  temperature.*  Few  other  expe- 

*  If  1  be  the  side  of  the  cube  constituting  unity  of  volume,  d 
the  dilatation  of  that  side  for  an  increase  of  temperature,  the  volume 
of  the  cube  becomes  (1  +  d)3,  or  1  +  3  d  +  3  dz  +  d3.  But  d 
in  general  being  very  small,  3  d2  and  d3  may  be  neglected  ;  so  that 


Length  of  an  iron  rod. 

1st  Diff: 

2d  Diff. 

3d  Diff. 

0-999632 

0-999721      ;^: 

89 

0-999811      '!'..- 

90 

.           1 

0-999904 

93 

.       3 

.      2 

1-000000      ;?-?Tv 

96 

N       3 

.       0 

1-000102      ,   ... 

102 

•  [      6 

.      3 

1-000211         % 

109 

V:     7 

.       1 

1-000328       '.' 

117 

.,    8 

.       1 

1-000453       *!"' 

125 

1"     8 

.      0 

1-000588    \:  ;' 

135 

.     10 

.       2 

1-000734          . 

146 

J:    11 

.       I 

1-000892      "  I'M 

158 

."  12 

:-i)iI,'i« 

1-001063      f;^ 

171 

.     13 

';io-v.V 

1-001247 

184 

.     13 

.      0 

1-001446 

199 

15 
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chap.  i.  riments  have  been  made  to  determine  the  rate  at 
which  the  expansion  of  solids  increases  with  the 
temperature,  though  there  is  no  reason  to  doubt 
that  such  an  increase  takes  place  in  all  solid  bodies. 
The  following  table  shows  the  dilatation  of  iron, 
copper,  and  platinum,  at  212°  and  at  some  higher 
temperature,  as  determined  by,  the  experiments  of 
Dulong  and  Petit. 


increas- 
ed dila- 
tation by 
heat. 

Temp,  de- 
duced from 
dilatation  of 
air. 

Dilata- 
tion of 
iron. 

Temp,  indicated 
by  a  thermo- 
meter made  of 
iron. 

Dilata- 
tion of 
copper. 

Temp,  by  a  ther- 
mometer made 
of  copper. 

Dilata- 
tion of 
platinum 

Temp,  by  a  ther- 
mometer made 
of  platinum. 

Cent. 

Fah. 

Cent. 

Fah. 

Cent. 

Fah. 

Cent. 

Fah. 

100° 
300 

212° 

582 

2"sioo 

Q'QJOO 

100° 
372-6 

212° 
702-7 

T^ioo 

T700T 

100° 

328-8 

212° 
623-8 

yTToTJ 
37T500 

100° 

311-6 

212° 

592-88 

Maximum 
density  of 
water  at 
39° -88. 


4.  Such  are  the  facts  which  have  been  ascertained 
respecting  the  expansion  of  bodies  by  heat.  But 
general  as  the  law  of  expansion  is  there  are  some 
exceptions  to  it,  which  I  shall  now  point  out. 
These  exceptions  are  of  two  different  kinds. 

There  is  a  liquid,  which  has  the  greatest  density 
a  little  above  39°.  If  we  heat  it  above  that  point 
of  cool  it  below  it,  in  either  case  it  expands.  This 
liquid  is  water.  The  phenomena  which  led  to  the 
knowledge  of  this  very  curious  fact,  were  first 
observed  by  the  Florentine  academicians.  An 
account  of  their  experiments  was  published  in  the 

the  new  cube  may  be  expressed  by  1  -j-  3  d.     Hence  we  see  that 
thrice  the  linear  dilatation  is  very  nearly  the  cubic  dilatation. 

For  the  same  reason  the  dilatation  of  a  surface  will  be  expressed 
by  1  +  2  d. 


EXPANSION.  23 

Philosophical  Transactions  for  1670.*  They  filled 
with  water  a  glass  ball,  terminating  in  a  narrow 
graduated  neck,  and  plunged  it  into  a  mixture  of 
snow  and  salt.  The  water  started  suddenly  up  into 
the  neck,  in  consequence  of  the  contraction  of  the 
vessel,  and  slowly  subsided  again  as  the  cold  affected 
it.  After  a  certain  interval  it  began  to  rise  again, 
and  continued  to  ascend  slowly  and  equably,  till 
some  portion  of  it  shot  into  ice,  when  it  sprung  up 
at  once  with  the  greatest  velocity.  The  attention 
of  the  Royal  Society  was  soon  afterwards  called  to 
this  remarkable  expansion  by  Dr.  Croune,  who,  in 
1683,  exhibited  an  experiment  similar  to  that  of 
the  Florentine  philosophers,  and  concluded  from 
it,  that  water  begins  to  be  expanded  by  cold  at  a 
certain  temperature  above  the  freezing  point.  Dr. 
Hooke  objected  to  this  conclusion,  and  ascribed 
the  apparent  expansion  of  the  water  to  the  con- 
traction of  the  vessel  in  which  the  experiment  was 
made.  This  induced  them  to  cool  the  glass  pre- 
viously in  a  freezing  mixture,  and  then  to  fill  it 
with  water.  The  effect,  notwithstanding  this  pre- 
caution, was  the  same  as  before.t  Mr.  De  Luc 
was  the  first  who  attempted  to  ascertain  the  exact 
temperature  at  which  this  expansion  by  cold  begins. 
He  placed  it  at  41°,  and  estimated  the  expansion 
as  nearly  equal,  when  water  is  heated  or  cooled  the 
same  number  of  degrees  above  or  below  41°.  He 
made  his  experiments  in  glass  thermometer  tubes, 

c 

*  Phil.  Trans.  No.  66,  or  vol.  v.  p.  2020.     Abridgment,  i.  540. 
t  Birche's  Hist,  of  the  Royal  Society,  iv.  253. 
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chap.  i.  and  neglected  to  make  the  correction  necessary  for 
the  contraction  of  the  glass ;  but  in  a  set  of  expe- 
riments by  Sir  Charles  Blagden  and  Mr.  Gilpin, 
made  about  the  year  1790,  this  correction  was 
attended  to.  Water  was  weighed  in  a  glass  bottle 
at  every  degree  of  temperature  from  32°  to  100°, 
and  its  specific  gravity  ascertained.  They  fixed 
the  maximum  of  density  at  39°,  and  found  the 
same  expansion  very  nearly  by  the  same  change  of 
temperature  either  above  or  below  39°.  The  fol- 
lowing table  exhibits  the  bulk  of  water  at  the  cor- 
responding degrees  on  both  sides  of  39°,  according 
to  their  experiments.* 


Specific 
Gravity. 

Bulk  of  Wa- 
ter. 

Temper- 
ature. 

Bulk  of  Wa- 
ter. 

Sp.  Gravity 
of  Ditto. 

1-00000 

39 

1-00000 

1-00000 

00 

38 
37 

40 

00 

1-00000 

0-99999 

01 

41 

01 

0-99999 

0-99998 

02 

36 

42 

02 

0-99998 

0-99996 

04 

35 

43 

04 

0-99996 

0-99994 

06 

34 

44 

06 

0-99994 

0-99991 

08 

33 

45 

08 

0-99991 

0-99988 

12 

32 

46 

12 

0-99988 

Mr.  Dal  ton,  in  a  set  of  experiments  published  in 
1802,  obtained  nearly  the  same  result  as  De  Luc. 


*  Phil.  Trans.  1792,  p.  428. 
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He   placed   the   maximum    density  at  42*5°,  not    sect.  i. 
making  any  correction  for  the  contraction  of  the  ~ 
glass ;  and  observed,  as  Blagden  had  done  before 
him,  that  the  expansion  is  the  same  on  both  sides 
of  the  maximum  point,  when  the  change  of  tem- 
perature is  the  same,  and  continues  however  low 
down   the   water   be  cooled,  provided  it  be  not 
frozen.* 

All  these  experiments  had  been  made  by  cooling 
water  in  glass  vessels ;  but  when  the  French  were 
forming  their  new  weights  and  measures,  the  sub- 
ject was  investigated  by  Lefebvre-Gineau  in  a  dif- 
ferent manner.  A  determinate  bulk  of  water  at  a 
given  temperature  was  chosen  for  the  foundation 
of  their  weights.  To  obtain  it,  a  cylinder  of  copper, 
about  nine  French  inches  long,  and  as  many  in 
diameter,  was  made,  and  its  bulk  measured  with 
the  utmost  possible  exactness.  This  cylinder  was 
weighed  in  water  of  various  temperatures.  Thus 
was  obtained  the  weight  of  a  quantity  of  water 
equal  to  the  bulk  of  the  cylinder ;  and  this,  cor- 
rected by  the  alteration  of  the  bulk  of  the  cylinder 
itself  from  heat  or  cold,  gave  the  density  of  water 
at  the  temperatures  tried.  The  result  was,  that 
the  density  of  the  water  constantly  increased  till 
the  temperature  of  40°,  below  which  it  as  constantly 
diminished.!  These  experiments  seem  to  have 
been  made  about  the  year  1795.  More  lately  a 
set  of  experiments  was  tried  by  Hallstrom  exactly 

*  Manchester  Mem.  v.  374. 

|   Jour,  de  Phys.  xlix.  171 ;  and  Hauy's  Traite  de  Physique,  i 
55  and  181. 
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chap.  i.  in  the  same  way ;  but  he  substituted  a  cylinder  of 
glass  for  the  one  of  metal.  The  result  which  he 
obtained  was  the  same.  The  necessary  corrections 
being  made,  he  found  the  maximum  density  of 
water  lie  between  4°  and  5°  of  Celsius,  or  nearly  at 
40°  of  Fahrenheit.* 

Still  more  lately,  a  set  of  experiments  have  been 
published  by  Dr.  Hope,  which  lead  to  the  same 
result  in  a  different  way.  He  employed  tall  cylin- 
drical glass  jars  filled  with  water  of  different  tem- 
peratures, and  having  thermometers  at  their  top 
and  bottom.  The  result  was  as  follows;  1.  When 
water  was  at  32°,  and  exposed  to  air  of  61°,  the 
bottom  thermometer  rose  fastest  till  the  water  became 
of  38°,  then  the  top  rose  fastest.  Just  the  reverse 
happened  when  the  water  was  53°,  and  exposed  to 
the  cold  water  surrounding  the  vessel ;  the  top 
thermometer  was  highest  till  the  water  cooled  down 
to  40°,  then  the  bottom  one  was  highest.  Hence 
it  was  inferred,  that  water  when  heated  towards  40° 
sunk  down,  and  above  40o  rose  to  the  top,  and  vice 
versa.  %.  When  a  freezing  mixture  was  applied  to 
the  top  of  the  glass  cylinder  (temp,  of  air  41°),  and 
continued  even  for  several  days,  the  bottom  ther- 
mometer never  fell  below  39° ;  but  when  the  freez- 
ing mixture  was  applied  to  the  bottom,  the  top 
thermometer  fell  to  34°  as  soon  as  the  bottom  one. 
Hence  it  was  inferred,  that  water  when  cooled 
below  39°  cannot  sink,  but  easily  ascends.  3.  When 
the  water  in  the  cylinder  was  at  32°,  and  warm 

*  Gilbert's  Annalen  der  Physik,  xvii.  207. 
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water   applied   to   the   middle  of  the   vessel,  the    sect.  i. 
bottom  thermometer  rose  to  39°  before  the  top  one  ~ 
was  affected ;  but  when  the  water  in  the  cylinder 
was  at  39°*5,  and  cold  was  applied  to  the  middle  of 
the  vessel,  the  top  thermometer  cooled  down  to  33 
before  the  bottom  one  was  affected.* 

Count  Rumford  likewise  published  a  set  of  expe- 
riments conducted  nearly  on  the  same  principles 
with  those  of  Dr.  Hope,  and  leading  to  the  same 
results.  They  are  contrived  with  his  usual  inge- 
nuity ;  but  as  they  are  of  posterior  date,  and  add 
nothing  to  the  facts  above  stated,  I  do  not  think  it 
necessary  to  detail  them.t  Dr.  Hope's  experiments 
and  those  of  Count  Rumford  coincide  with  those 
above  related,  in  fixing  the  maximum  density  of 
water  at  between  39°  and  40°. 

But  the  most  elaborate  set  of  experiments  upon 
this  subject,  are  those  of  Professor  Hallstrom  of 
Abo,  inserted  in  the  Memoirs  of  the  Stockholm 
Academy  for  18234  He  has  shown  that  the  point 
at  which  the  density  of  water  is  greatest,  is  4°'l  of 
the  centigrade  thermometer,  which  corresponds 
with  39°'38  of  Fahrenheit.  The  following  table 
exhibits  the  specific  gravity  and  the  volume  of 
water  at  different  temperatures,  from  32°  to  86°,  as 
determined  by  the  experiments  of  Hallstrom.  I 
insert  it  riere,  because  it  may  be  often  useful  in 
chemical  investigations. 


*  See  Edin.  Trans,  vol.  vi.     The  paper  was  published  before 
October  1804. 

f  See  Nicholson's  Journal,  xi.  228.    Aug.  1805.     J  Page  193. 
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Table  of 
the  expan- 
sion of 
water. 


Temperature. 


Centigrade. 

0° 

Fahren. 

32° 

Sp.  gr.  of  water. 

0-9998918 

Volume. 

1-0001082 

1 

33-8 

0-9999382 

1-0000617 

2 

35-6 

0-9999717 

1-0000281 

3 

37-4 

0-9999920 

1-0000078 

4 

39-2 

0-9999995 

1-0000002 

4-1 

39-38 

1 

1 

5 

41-0 

0-9999950 

1-0000050 

6 

42-8 

0-9999772 

1-0000226 

7 

44-6 

0-9999472 

1-0000527 

8 

46-4 

0-9999044 

1-0000954 

9 

48-2 

0-9998497 

1-0001501 

10 

50 

0-9997825 

1-0002200 

11 

51-8 

0-9997030 

•0002970 

12 

53*6 

0-9996117 

•0003888 

13 

55-4 

0-9995080 

•0004924 

14 

57-2 

0-9993922 

•0006081 

15 

59- 

0-9992647 

•0007357 

16 

60-8 

0-9991260 

•0008747 

17 

62-6 

0-9989752 

•0010259 

18 

64-4 

0-9988125 

•0011888 

19 

66-2 

0-9986387 

1-0013631 

20 

68 

0-9984534 

1-0015490 

21 

69-8 

0-9982570 

1-0017560 

22 

71-6 

0-9980489 

1-0019549 

23 

73-4 

0-9978300 

1-0021746 

24 

75-2 

0-9976000 

1-0024058 

25 

77 

0-9973587 

1-0026483 

26 

78-8 

0-9971070 

1-0029016 

27 

80-6 

0-9968439 

1-0031662 

28 

82-4 

0-9965704 

1-0034414 

29 

84-2 

0-9962864 

1-0037274 

30 

86 

0-9959917 

1-0040245 

The  explanation  of  this  curious  anomaly  that 
water  of  the  temperature  39°'38  expands  when  we 
reduce  it  to  a  lower  temperature,  which  is  generally 
adopted,  is,  that  39°-38  is  the  lowest  point  at  which 
water  is  perfectly  fluid.  When  its  temperature  falls 
below  this  point,  its  particles  begin  to  assume  that 
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new  position  with  respect  to  each  other,  which  they 
have  when  the  liquid  is  converted  into  ice.  Now 
ice  has  a  lower  specific  gravity  than  water;  of 
course  the  interval  between  its  particles  is  greater: 
and  the  particles  begin  to  assume  this  greater  dis- 
tance when  cooled  down  below  39°*38.  With  re- 
spect to  the  equality  of  the  volume  of  water  at 
equal  distances  above  and  below  39°*38,  it  must 
be  accidental  and  entirely  owing  to  the  diminution 
which  glass  experiences  in  its  expansion  as  the  tem- 
perature sinks. 

When  salt  is  dissolved  in  water,  the  temperature  Maximum 
of  the  greatest  density  of  the  water  is  lowered  in  brinc.y 
proportion  to  the  quantity  of  salt  in  solution,  so 
that  it  speedily  sinks  below  the  freezing  point  of 
the  liquid,  in  consequence  of  which  the  anomaly 
disappears.  Thus  water  of  the  specific  gravity 
I'OIOO,  having  about  7\jth  of  its  weight  of  common 
salt  dissolved  in  it,  has  its  point  of  greatest  density 
at  35°  '375,  or  4  degrees  lower  than  pure  water. 
Water  of  the  specific  gravity  1'0200,  or  containing 
7Vth  Of  its  weight  of  salt,  has  its  point  of  greatest 
density  below  the  freezing  point.  Water  of  the 
specific  gravity  l'027j  or  containing  ^7th  of  its 
weight  of  salt  in  solution,  has  also  its  point  of 
greatest  density  below  its  freezing  point.  In  such 
liquids,  accordingly,  the  anomaly  cannot  be  ob- 
served.* 

These  facts  render  the  common  explanation  of 


*  See  Erman's  experiments,  Ann.  <le  China,  et  de  Phys.  xxxviii. 

287. 


30 


HEAT. 


chap.  i.  the  cause  of  the  maximum  density  of  water  being 
~  at  39°-38,  exceedingly  doubtful.  The  experiments 
of  M.  Erman  on  the  expansion  of  Rose's  fusible 
metal  at  different  temperatures,  is  if  possible  still 
more  inconsistent  with  it.*  What  is  called  Rose's 
fusible  metal  is  an  alloy  of 

2  parts  by  weight  of  bismuth, 

1  part of  lead, 

1  part —  of  tin. 

It  melts  at  200°'75,  which  is  considerably  lower 
than  the  fusing  point  of  Newton's  fusible  metal. 
Erman  has  found  that  the  specific  gravity  of  this 
alloy  is  the  greatest  at  the  temperature  of  155°*75, 
and  the  least  at  the  temperature  of  110°'7<5.  Now 
at  both  of  these  temperatures  the  metal  is  solid. 
It  will  be  worth  while  to  insert  here  the  table  of 
the  change  of  volume  which  this  metal  undergoes 
at  different  temperatures,  as  determined  by  Erman's 
experiments,  on  account  of  the  different  rates  at 
which  these  alterations  take  place  at  different  parts 
of  the  series. 

Expansion 
of  fusible 
metal. 


Temp. 

32° 

Volume. 

1-00000 

Temp. 

167° 

Volume. 

0-99389 

43-25 

1-00088 

178-25 

54-5 

1-00192 

189-5 

1-00005 

65-75 

1-00326 

200-75 

1-00862 

77 

1-00443 

212 

1-01792 

88-25 

1-00681 

223-25 

1-01842 

99-5 

1-00803 

234-5 

1-01992 

110-75 

1-00830 

245-75 

1-02105 

122 

1-00679 

257 

1-02217 

133-25 

1-00129 

268-25 

1-02289 

144-5 

0-99480 

279-5 

1-02395 

155-75 

0-99291 

290-75 

1-02529 

*  Ann.  de  Chim.  et  de  Phys.  xl.  197. 
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Temp. 

302° 

Volume. 

1-02599 

Temp. 

358°-25 

Volume. 

103152 

313-25 

1-02693 

369-5 

1-03277 

324-5 

1-02784 

380-75 

1-03403 

335-75  j    1-02916 

392 

1-03495 

34.7 

1-03072 

From  32°  to  110°'75,  the  changes  of  volume  are 
nearly  proportional  to  the  temperatures.  Beyond 
110°'7«5  (where  the  volume  is  a  maximum)  the 
metal  undergoes  a  contraction  instead  of  an  expan- 
sion when  heat  is  added.  This  contraction  is  at 
first  very  rapid,  but  it  gradually  diminishes  to  about 
1550>7«5,  which  is  the  point  of  greatest  density.  The 
volume  at  178°*25  is  nearly  the  same  as  at  32°.  The 
volume  from  155°-7«5  begins  to  increase  at  first  very 
slowly,  but  the  increase  gradually  augments  to 
200° '75,  which  is  the  point  of  fusion.  Between 
200°-75  and  212°,  the  increase  of  volume  is  very 
considerable ;  but  beyond  that  point  the  increase  is 
nearly  similar  to  what  it  was  between  32°  and  1 10°*75. 

Erman  has  also  made  a  set  of  experiments  to 
determine  the  dilatation  of  phosphorus  at  different 
temperatures.  It  has  no  point  of  maximum  density, 
but  continues  to  dilate  as  the  heat  increases.  The 
following  table  shows  the  amount  of  this  dilatation.* 


Temp. 

32° 

Volume. 

1-000000 

Temp. 

59°-9 

Volume. 

1-005711 

Expansion 
of  phospho- 

38-5 

1-001461 

62-15 

1-006172 

rus. 

43-5 

1-002571 

64-175 

1-006439 

49-1 

1-004466 

66-75 

1-006630 

52-25 

1-005212 

69 

1-006953 

56-75 

1-005366 

74-75 

1-008504 

*  Ann.  de  Chim.  et  de  Phys.  xl.  209. 
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Temp. 

77° 

Volume. 

1-008973 

Temp. 

131°-48 

Volume. 

1-057679 

88-25 

1-011889 

142-25 

1-061349 

96-575 

1014338 

152-375 

1-067985 

100-85 

1-046847* 

163-625 

1-071143 

110-3 

1-051709 

175-1 

1-075070 

120-425 

1-054319 

186-125 

1-079086 

We  see  from  this  table  the  sudden  increase  of 
volume  which  the  phosphorus  undergoes  when  it 
becomes  liquid.  While  the  phosphorus  is  solid, 
the  increase  of  volume  which  it  sustains  is  nearly 
proportional  to  the  temperature.  But  liquefaction 
produces  a  sudden  expansion  independent  of  the 
temperature.  After  liquefaction,  the  dilatations 
from  a  given  quantity  of  heat  are  much  greater 
than  when  the  phosphorus  was  solid,  but  still  these 
dilatations  are  proportional  to  the  temperature. 

There  are  various  bodies,  which,  when  cooled 
down  to  a  particular  point,  change  their  state,  and 
from  being  liquids  become  solids.  This  change  is 
frequently  accompanied  by  a  diminution  of  bulk. 
Thus  when  olive  oil  freezes,  it  sinks  to  the  bottom 
of  the  unfrozen  portion,  indicating  an  increase  of 
density  or  a  diminution  of  bulk.  When  melted 
gold  or  silver  is  allowed  to  congeal,  it  also  contracts 
in  its  dimensions,  or  diminishes  in  bulk.  It  is  this 
diminution  which  prevents  money  from  being  cast 
of  these  metals,  and  obliges  us  to  stamp  it.  But 
the  case  is  very  different  with  water  and  with  many 
other  liquid  bodies  when  they  congeal.  They  ex- 
perience a  considerable  augmentation  of  bulk  in 

*  At  this  temperature  the  phosphorus  melted. 
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the  act  of  congealing.  The  consequence  is,  that  Sect.  i. 
the  specific  gravity  of  the  solid  body  is  less  than 
that  of  the  liquid,  though  its  temperature  be  lower, 
These  bodies,  at  that  particular  temperature  at 
which  they  change  their  state,  constitute  another 
exception  to  the  general  law  of  expansion  by  heat. 
They  increase  in  bulk  when  cooled  down,  instead 
of  when  heated.  This  change,  however,  is  obvi- 
ously owing  to  the  new  form  which  the  body 
assumes,  and  indicates  a  new  arrangement  of  the 
particles,  in  consequence  of  which  they  separate  to 
a  greater  distance  than  formerly. 

I  found,  a  good  many  years  ago,  that  ice,  sup- 
posing it  quite  free  from  air  bubbles,  will  remain 
at  rest  in  any  part  of  a  quantity  of  alcohol  diluted 
with  water  till  its  specific  gravity  be  reduced  to 
O92  :  hence  it  obviously  possesses  the  specific  gra- 
vity of  0*92.  Messrs.  Roget  and  Dumas  state  the 
specific  gravity  of  ice  to  be  0*95.*  When  ice 
shoots  upon  the  surface  of  water,  it  forms  prisms, 
making  angles  of  60°  and  120°  with  each  other. 
Mr.  Dalton  has  shown  that  if  we  consider  the  par- 
ticles of  water  to  be  spherical  and  of  the  same  size, 
and  suppose  a  cubic  vessel  to  be  filled  with  water, 
the  particles  at  the  bottom  may  be  conceived  to  be 
placed  in  regular  rows.  The  second  stratum  will 
also  constitute  regular  rows,  but  each  particle  will 
be  placed  in  the  intervals  between  the  inferior  row, 
so  that  each  particle  will  rest  upon  or  in  the  inter- 
val between  4  particles  below  it.  Let  us  suppose 

*  Annals  of  Philosophy  (2d  Series),  Hi.  392. 
I.  D 
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chap.  i.  the  cubic  box  to  be  drawn  into  a  rhombus,  the 
""sides  of  which  make  angles  of  60°  and  120°  with 
each  other,  the  lowest  stratum  will  still  consist  of 
the  same  number  of  particles  as  before  ;  but  every 
particle,  instead  of  touching  four  others,  as  in  the 
former  case,  will  now  touch  six  others,  so  that  the 
intervals  between  the  particles  will  be  less  than  be- 
fore. But  the  height  of  the  pile  will  be  increased, 
every  particle  in  the  second  stratum  resting  in  the 
interval  of  three  particles  below  it.  Mr.  Dalton 
has  shown  that  the  capacities  (or  the  number  of 
particles)  in  the  two  vessels  will  be  as  0*707  to  0-750 
very  nearly,  or  as  1OO  to  0*942.*  Now  this  is 
very  nearly  the  difference  between  the  specific 
gravity  of  water  and  ice.  Hence  it  is  probable 
that  the  diminution  of  density  is  owing  to  such  a 
new  arrangement  of  the  particles  of  water. 
AS  water.  The  prodigious  force  with  which  water  expands 
in  the  act  of  freezing  has  been  long  known  to  phi- 
losophers. Glass  bottles  filled  with  water  are  com- 
monly broken  in  pieces  when  the  water  freezes. 
The  Florentine  academicians  burst  a  brass  globe, 
whose  cavity  was  an  inch  in  diameter,  by  filling  it 
with  water  and  freezing  it.  The  force  necessary 
for  this  effect  was  calculated  by  Muschenbroeck  at 
27,720  Ibs.  But  the  most  complete  set  of  experi- 
ments on  the  expansive  force  of  freezing  water  are 
those  made  by  Major  Williams  at  Quebec,  and 
published  in  the  second  volume  of  the  Edinburgh 
Transactions. 

*  Dalton's  New  System  of  Chemical  Philosophy,  i.  135. 
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The  same  expansion  is  observed  during  the  crys-    Sect.  i. 
tallization  of  most  of  the  salts  ;  all  of  them,  at  least " 
which  shoot  into  prismatic  forms.     Hence  the  rea- 
son that  the  glass  vessels  in  which  such  liquids  are 
left  usually  break  to  pieces  when  the  crystals  are 
formed.     A  number  of  experiments  on  this  subject 
have  been  published  by  Mr.  Vauquelin.* 

Several  of  the  metals  have  the  property  of  ex- 
panding at  the  moment  of  their  becoming  solid. 
Reaumur  was  the  first  philosopher  who  examined 
this  point.  Of  all  the  metallic  bodies  that  he  tried, 
he  found  only  three  that  expanded,  while  all  the 
rest  contracted  on  becoming;  solid.  These  three  Cast  iron» 

bismuth, 

were  cast  iron,   bismuth,   and  antimony. ,t     Hence  a"d  »«*>- 
the  precision  with  which  cast  iron  takes  the  impres- 
sion of  the  mould. 

When  bodies  crystallize,  they  generally  increase  Crystals, 
in  bulk ;  but  when  they  become  solid  without  any 
appearance  of  crystallization,  diminution  of  bulk 
very  frequently  accompanies  the  change.  Most  of 
the  oils  when  they  solidify,  form  very  regular 
spheres.  The  same  thing  happens  to  honey  and 
to  some  of  the  metals,  as  mercury,  which  Mr. 
Cavendish  has  shown  from  his  own  experiments, 
and  those  of  Mr.  Macnab,  to  lose  about  ??d  of  its 
bulk  in  the  act  of  solidification.!  When  sulphuric 
acid  congeals,  it  does  not  perceptibly  expand,  nor 

*  Ann.  de  Chim.  xiv.  286. 

t  Mem.  Par.  1726.  p.  273.  Berthollet's  Statique  Chimique, 
ii.  348.  The  other  metals  tried  by  Reaumur  were  gold,  silver, 
copper,  tin,  lead,  and  zinc. 

J  Phil.  Trans.  1783,  p.  23. 
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chap.  i.  does  it  in  the  least  alter  its  appearance.  Sulphuric 
acid,  of  the  specific  gravity  1*8,  may  be  cooled 
down  in  thermometer  tubes  to  — 36°  before  it 
freezes  ;  and  during  the  whole  process  it  contin- 
ually contracts.  At  — 36°,  or  about  that  tempera- 
ture, it  freezes;  but  its  appearance  is  so  little 
altered,  that  I  could  not  satisfy  myself  whether  or 
not  the  liquid  was  frozen  till  I  broke  the  tube.  It 
was  perfectly  solid,  and  displayed  no  appearance 
of  crystallization.  On  the  other  hand,  cast  iron 
expands  in  the  act  of  congealing. 

SECT.   II.     OF  THE  THERMOMETER. 

The   knowledge    of  expansion    qualifies   us  for 

understanding  the  nature  of  the  thermometer,  an 

instrument  contrived  for  measuring  the  alterations 

which  may  take  place  in  the  temperatures  of  bodies. 

Discoverer      The  invention  of  the  thermometer,  like  that  of 

of  the  ther-  ..  -         1     .  -iiii 

gunpowder,  is  involved  in  considerable  obscurity. 
Drebbel,  a  physician  at  Alkmaer  in  Holland,  is 
stated  by  Boerhaave  to  have  made  thermometers 
about  the  beginning  of  the  lyth  century.  Sanc- 
torio,  the  celebrated  founder  of  statical  medicine, 
who  was  a  professor  at  Padua  at  the  commence- 
ment of  the  lyth  century,  lays  claim  to  the  inven- 
tion of  the  thermometer.*  And  this  claim  is  sanc- 
tioned by  Borelli,  who  gives  us  an  engraving,  to- 
gether with  a  description  of  the  original  thermo- 


*  Com.  in   Galen.     Art.   Med.  p.   736,   842 ;    as   quoted  by 
Dr.  Martine. 
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meter  of  Sanctorio.*     Malpighi,   also,   who  was  a  Sect.  n. 
professor  at  Pisa,  and  the  intimate  friend  of  Borelli,  ~ 
ascribes  in  his  posthumous  works  the  original  in- 
vention of  the  thermometer  to.Sanctorio.t     These 
testimonies  are  sufficient  to  satisfy  us  that  Sanctorio 
was  the  first  person  who  thought  of  constructing  a 
thermometer,  at  least  in  Italy,  which  was  at  that 
period  the  peculiar  seat  of  the  sciences. 

Sanctorio's  thermometer  was  merely  a  glass  tube  First  ther- 

*  mometeran 

with  a  ball  blown  at  the  extremity,  the  open  end  an- one. 
of  which,  after  the  air  had  been  somewhat  rarefied, 
was  plunged  into  a  coloured  liquid.  When  the  air 
cooled  it  resumed  its  original  bulk  nearly,  and  a 
portion  of  the  coloured  liquid  rose  in  the  tube. 
This  tube  was  divided  into  a  number  of  equal  por- 
tions, called  degrees.  When  the  temperature  of 
this  tube  was  raised,  the  air  in  it  expanded,  and  the 
coloured  liquid  sank  in  the  tube.  When  its  tem- 
perature was  lowered,  the  bulk  of  the  air  diminished, 
and  the  coloured  liquid  rose  in  the  tube.  The 
number  of  degrees  which  the  coloured  liquid  rose 
or  fell  indicated  the  change  of  temperature.  Thus 
Sanctorio's  instrument  was  what  is  called  an  air 
thermometer  ;  the  changes  of  temperature  being 
indicated  by  the  alterations  in  the  volume  of  the 
air  confined  in  the  tube.  As  the  tube  was  plunged 
into  an  open  dish  filled  with  coloured  liquid,  it 
is  evident  that  the  rise  and  fall  of  that  liquid  would 
be  affected  not  merely  by  alterations  in  the  tem- 

*  De  Motu  Animalium,  lib.  ii.  prop.  175. 

•j-  Oper.  Post.  p.  30.     See  Martine's  Essays,  p.  4. 
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chap.  i.   perature,  but  also  by  all  changes  in  the  density  of 

~"  the  atmosphere.     When  the  barometer  stood  high, 

the  liquid  would  be  more  elevated  in  the  tube  than 

when  the  barometer  was  low,   even  supposing  no 

alterations  in  the  temperature. 

improved       The  Florentine  academicians  about  the  middle 

by  the  Flo- 
rentine      of  the  17th  century  made  the  first  improvement  on 

dans,  thermometers.  They  employed  a  long  glass  tube, 
blown  at  one  extremity  into  a  ball,  which  they 
filled  up  to  a  certain  mark  in  the  tube  with  spirit 
of  wine.  The  extremity  of  the  tube  was  then 
sealed  hermetically,  by  melting  it  by  a  blowpipe. 
The  tube  was  afterwards  divided  into  100  equal 
parts,  called  degrees,  by  means  of  small  particles 
of  white  enamel.*  Boyle  claims  for  himself  the 
merit  of  first  introducing  such  sealed  instruments 
into  England.  At  first,  he  says,  no  one  would 
believe  that  a  liquid  would  expand  and  contract  in 
a  tube  hermetically  sealed.  But  he  convinced  him- 
self of  the  fact  by  actual  trial,  and  was  still  farther 
satisfied  by  the  sight  of  a  small  thermometer  con- 
structed in  this  way  from  Florence,  t 

About  the  beginning  of  the  18th  century,  Mr. 
Fahrenheit,  originally  a  merchant  in  Dantzic, 
who,  after  failing  in  business,  settled  at  Amsterdam 
as  a  thermometer-maker,  substituted  mercury  for 
spirit  of  wine,  and  greatly  diminished  the  size  of 
the  tube  and  the  bulb.  This  rendered  the  instru- 
ment capable  of  measuring  much  higher  degrees  of 

*  See  Waller's  Translation  of  the  Essays,  &c.  of  the  Academy 
del  Cimento,  p.  2. 

t  Shaw's  Boyle,  i.  582. 
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temperature  ;  for  mercury  does  not  boil  till  raised  sect.  n. 
to  a  much  higher  temperature  than  spirit  of  wine. 
The  instrument,  as  originally  made,  laboured 
under  a  great  defect,  and  many  years  elapsed  be- 
fore philosophers  thought  of  the  proper  remedy. 
No  two  instruments  agreed  with  each  other.  The 
scale  of  degrees  applied  to  the  tube  was  quite  arbi- 
trary. It  was  differently  constructed  and  differently 
applied  in  every  thermometer;  and  experiments 
made  with  one  could  not  be  usefully  compared  with 
those  made  with  another. 


The  most  important  improvement  in  these  instru- 
ments  was  the  contrivance  of  a  method  of  applying  sP°nd  with 

r  r  J       to  Other  ther- 

their  scales  so  as  to  make  them  agree  with  each 
other  when  exposed  to  the  same  temperature,  what- 
ever that  may  be.  This  was  attempted  by  different 
methods  in  different  parts  of  Europe,  till  at  last 
one  was  hit  upon  so  superior  to  all  the  rest,  that  it 
was  soon  universally  employed. 

Sir  Isaac  Newton  seems  to  have  first  proposed 
this  method;*  and  Fahrenheit  was  probably  the 
first  thermometer-maker  that  put  it  in  practice. 
It  is  founded  on  two  discoveries  made  by  Dr. 
Hooke.  The  first  in  1664,  the  second  in  1684. 
It  was  observed  by  Dr.  Hooke  that  water  is  changed 
into  ice  when  cooled  down  to  a  particular  tempera- 
ture, and  that  this  temperature  remains  the  same 
all  the  time  that  the  water  is  changing  into  ice,  or 
the  ice  into  water.  If  we  take  a  thermometer 
and  plunge  it  into  melting  snow,  taking  care  that 

*  Phil.  Trans.  1701.     No.  270,  p.  824. 
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chap.  i.  the  ball  be  completetly  covered,  the  quicksilver 
~  will  be  contracted  by  the  cold  and  descend  in  the 
tube.  It  will  at  last  stop  and  continue  at  the  same 
place  so  long  as  any  considerable  part  of  the  snow 
remains  unmelted.  If  we  now  mark  the  part  of 
the  tube  at  which  the  mercury  stopped,  and  repeat 
the  experiment  with  the  same  thermometer  how- 
ever often,  and  at  places  and  times  however  dis- 
tant, the  result  will  always  be  the  same,  the  mer- 
cury will  always  descend  to  the  same  part  of  the 
tube  to  which  it  descended  the  first  time,  and  will 
remain  stationary  there  so  long  as  any  considerable 
part  of  the  snow  remains  unmelted.*  This  shows 
that  melting  snow  is  always  equally  cold,  or  has  the 
power  of  reducing  the  thermometer  to  one  steady 
density,  which  may  be  called  the  melting  snow 
expansion  of  the  quicksilver. 

The  second  discovery  of  Dr.  Hooke  was  of  a 
similar  nature.  He  found  that  other  things  being 
the  same,  water  always  begins  to  boil  at  the  same 
temperature.  If,  therefore,  we  take  the  thermo- 
meter used  in  the  preceding  experiments,  immerse 
it  in  boiling  water,  or  surround  it  with  steam,  and 

*  I  have  taken  no  notice  in  the  text  of  the  curious  observations 
lately  made  at  Geneva,  that  thermometers  graduated  in  the  way  I 
have  described  and  kept  for  a  considerable  time,  at  last  came  to 
stand  permanently  a  degree  or  half  a  degree  above  the  original 
freezing  point,  when  plunged  into  melting  snow.  I  do  not  under- 
stand the  reason  of  this  change,  and  am  satisfied  that  it  does  not 
universally  take  place  ;  for  I  possess  a  thermometer  graduated 
more  than  40  years  ago  by  Mr.  Crichton  of  Glasgow,  the  freezing 
point  of  which  is  still  as  accurate  as  when  the  instrument  was 
made. 
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keep  the  liquor  boiling  around  it  for  some  time,  Se<%t- IL 
the  mercury  will  ascend  to  a  certain  point  in  the 
tube,  and  however  long  we  continue  to  boil  the 
water,  it  will  ascend  no  higher.  If  we  mark  the 
part  of  the  tube  to  which  the  mercury  rose,  and 
afterwards  repeat  the  experiment  ever  so  often  in 
places  of  the  same  height  above  the  surface  of  the 
sea,  and  when  the  height  of  the  barometer  is  the 
same,  the  mercury  will  always  rise  to  the  same 
point  as  the  first  time.  Thus  boiling  water  has 
the  power  of  bringing  mercury  to  another  deter- 
minate state  of  expansion,  which  may  be  called  the 
boiling  water  expansion  of  mercury. 

These  two  points  may  be  marked  upon  the  tube 
of  any  thermometer,  by  plunging  it  first  into  melt- 
ing snow,  and  then  into  boiling  water.  The  dis- 
tance between  them  will  be  very  various  in  different 
thermometers,  on  account  of  their  different  sizes, 
and  the  different  proportions  which  the  balls  and 
tubes  bear  to  each  other.  But  being  marked  on 
each  instrument,  they  will  enable  us  to  perceive 
when  the  instrument  is  reduced  to  the  temperature 
of  boiling  or  freezing  water.  The  distance  between 
these  two  points  may  be  divided  into  any  number 
of  parts  or  degrees,  taking  care  always  to  divide  it 
into  the  same  number  of  degrees  in  each  thermo- 
meter, and  to  number  them  in  the  same  way  in 
each.  The  corresponding  degrees  in  the  several 
thermometers,  will  show  the  corresponding  states 
of  expansion  in  these  different  instruments.  If  we 
wish  to  measure  other  states  of  expansion  above  or 
below  the  primary  points,  we  can  protract  the  scale 


EXPANSION. 


chap.  i.  above  or  below  these  points,  by  adding  to  it  as 
~  many  degrees  of  the  same  size  as  the  tube  will  hold, 
numbering  these  also  in  a  similar  manner  in  every 
thermometer.  Or  we  may  choose  other  fixed  points 
which  have  been  found  out  for  these  parts  of  the 
scale,  such  as  the  boiling  point  of  mercury,  the 
melting  point  of  lead,  bismuth  or  tin  for  the 
higher  extremity  of  the  range,  and  the  cold  pro- 
duced by  mixing  snow  or  salt,  or  by  pouring  dilute 
nitrie  acid  on  snow,  for  the  lower  extremity. 

As  this  method  was  adopted  in  different  countries 
at  different  times,  and  as  there  never  was  any  con- 
nexion between  thermometer-makers  in  different 
countries,  the  consequence  has  been,  that  the  space 
between  the  freezing  and  boiling  water  points,  has 
been  divided  into  a  different  number  of  degrees, 
and  this  has  occasioned  a  diversity  in  the  thermo- 
meters used  in  different  countries,  which  it  will  be 
requisite  to  explain. 

Fahrenheit's  division  is  the  one  which  is  followed 
in  this  country.  He  did  not  begin  his  scale  at  the 
melting  snow  point  ;  but  at  the  temperature  pro- 
duced by  mixing  snow,  and  common  salt,  or  snow 
and  sal  ammoniac.  He  marked  the  point  at  which 
the  thermometer  stood  when  put  into  such  a  mix- 
ture, zero  (0°),  and  of  course  made  it  the  beginning 
of  his  scale.  He  then  plunged  the  thermometer 
into  melting  snow,  and  marked  the  place  at  which 
the  mercury  became  stationary  in  this  situation. 
He  divided  the  distance  between  these  two  points 
into  32  equal  parts  or  degrees.  So  that  upon  his 
scale,  the  temperature  produced  by  mixing  snow 


mometer. 
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and  common  salt,  is  marked  0°,  while  the  freezing  Sect.  n. 
point  of  water  is  marked  32°.  He  farther  protracted  " 
the  scale  with  degrees  of  the  same  size,  to  the  top 
of  the  tube  increasing  arithmetically.  When  a 
thermometer  constructed  in  this  way  is  plunged 
into  boiling  water,  the  mercury  stands  at  212°.  So 
that  the  interval  between  the  freezing  and  boiling 
water  points,  is  180°.  To  measure  greater  colds 
than  0°,  a  series  of  degrees  of  the  same  size  as  the 
others  was  continued  downwards,  as  far  as  the  tube 
would  admit.  These  increase  arithmetically  down- 
wards, and  are  considered  as  degrees  of  cold.  They 
are  called  degrees  below  zero,  or  by  prefixing  the 
mark  ( — )  minus  before  them.  Thus  — 20°,  means 
20°  below  zero. 

The  instrument  is  not  now  constructed  in  the 
way  that  Fahrenheit  followed.  All  that  is  necessary, 
is  to  find  the  freezing  and  boiling  water  points,  to 
mark  the  first  32°  and  the  second  212°,  and  to 
divide  the  interval  between  them  into  180  equal 
parts  or  degrees.  The  scale  is  then  protracted  up- 
wards and  downwards  as  far  as  the  length  of  the 
tube  will  allow. 

In  France,  numerous  experiments  on  the  con-  Reaumur's 

thermome- 

struction  of  thermometers  were  made  by  Reaumur,  ter. 
during  the  first  half  of  the   18th  century.     His 
thermometer  was  of  spirit  of  wine.     The  freezing 
water  point  on  it  was  marked  0°,  the  boiling  water 
point  80°.*    De  Luc  afterwards  substituted  mercury 

*  Reaumur's  Memoirs  on  this  subject,  will  be  found  in  the 
Volumes  of  the  Memoirs  of  the  Paris  Academy  of  Sciences,  for 
1730  and  1731. 
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chap.  i.  for  spirit  of  wine,  and  corrected  the  inaccuracies 
under  which  the  original  thermometer  of  Reaumur 
laboured.  But  as  he  did  not  alter  Reaumur's 
division,  the  instrument  continued  always  to  be 
called  Reaumur's  thermometer.  It  was  employed 
in  France  before  the  revolution,  and  is  still  used  in 
some  parts  of  Europe.  Every  degree  of  Reaumur 
is  equal  to  2i  degrees  of  Fahrenheit.  To  convert 
the  degrees  of  Reaumur  to  the  corresponding 
number  of  Fahrenheit,  we  must  multiply  by  2-25 
and  add  32  to  the  product. 

Celsius's.  Celsius,  who  was  professor  of  astronomy  at 
Upsala,  published  an  account  of  a  new  thermometer 
in  the  Memoirs  of  the  Stockholm  Academy,  for 
1742.*  This  thermometer  was  a  mercurial  one; 
the  freezing  water  point  was  marked  0°,  and  the 
boiling  water  point  100°.  This  thermometer  is 
used  in  Sweden.  It  was  adopted  by  the  French  at 
the  revolution,  under  the  name  of  thermometre  cen- 
tigrade,  and  has  come  into  general  use  in  that 
country,  and  in  several  other  parts  of  Europe. 
Every  degree  of  it  is  equal  to  1}  degrees  of  Fah- 
renheit. To  convert  the  degrees  of  Celsius  to 
those  of  Fahrenheit,  multiply  them  by  1-8  and  add 
32°  to  the  product. 

M.  Delisle,  a  French  astronomer,  was  invited  to 
St.  Petersburgh  by  the  Empress  Catherine  I. 

*  Vol.  iii.  p.  171.  Celsius  relates  experiments  showing  that  the 
freezing  and  boiling  points  of  water  are  constant,  other  things 
being  equal ;  but  that  the  boiling  water  point  varies  with  the  height 
of  the  barometer.  He  quotes  Dr.  Martine,  Sir  Isaac  Newton, 
Fahrenheit,  &c.  who  had  preceded  him  in  his  observations. 
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During  his  residence  in  that  capital  from  1726  to  Sect-  ll- 
1748,  he  constructed  a  thermometer,  which  has" 
been  adopted  by  the  Russians,  and  is  usually  known 
by  the  name  of  Delisle's  thermometer.  In  it  the 
numeration  begins  at  the  boiling  water  point,  which 
is  considered  as  the  boundary  between  heat  and 
cold.  The  numbers  from  that  point  increase  down- 
wards, and  therefore  express  degrees  of  contrac- 
tion. The  boiling  water  point  is  marked  0°,  and 
the  freezing  water  point  —  150°.  Hence,  5  degrees 
of  Delisle  are  equal  to  6  of  Fahrenheit.  To  con- 
vert the  degrees  of  Delisle  to  those  of  Fahrenheit, 
multiply  them  by  1'2.  Subtract  the  product  from 
212  if  the  heat  be  below  boiling  water.  But  if  the 
heat  denoted  exceed  that  of  boiling  water,  we 
must  add  the  product  to  212°. 

After  thermometers  were  graduated  so  as  to  give 
results  capable  of  being  compared  with  each  other, 


it  became  natural  to  inquire  whether  the  degrees  J^J*  the 
on  the  scale  represented  equal  increments  of  heat. 
The  scale  of  a  thermometer  divides  the  increments 
and  diminutions  of  bulk  into  a  number  of  small 
equal  parts,  that  we  may  see  by  how  many  of  these 
parts  the  bulk  of  the  mercury  is  increased  at  one 
time,  or  diminished  at  another.  But  it  remains  to 
be  considered  whether  these  equal  alterations  of 
bulk  be  produced  by  equal  alterations  of  heat.  Dr. 
Brook  Taylor  first  thought  of  determining  the  point 
experimentally  on  a  lintseed  oil  thermometer.  The 
result  of  his  experiments  was  published  in  the 
Philosophical  Transactions  for  1723.*  Dr.  B. 

*  Vol.  xxxii.  No.  376,  p.  291. 
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chap.  i.  Taylor's  mode  of  experimenting  was  again  tried 
~by  Dr.  Black,  in  1760,  without  being  aware  that 
he  had  been  already  anticipated.  But  Dr.  Black 
made  his  experiment  on  a  mercurial  thermometer. 
De  Luc  made  the  same  experiment  nearly  about  the 
same  time.  Dr.  Crawford  did  the  same  thing 
several  years  later,  and  published  the  result  in  his 
Treatise  on  Heat.* 

To  make  the  experiment  successfully,  it  is  neces- 
sary that  the  tube  of  the  thermometer  be  perfectly 
cylindrical,  or  that  the  length  of  each  degree  should 
vary  according  to  the  size  of  the  particular  part  of 
the  tube  which  it  represents.  Dr.  Taylor's  experi- 
ment was  made  by  mixing  together  hot  and  cold 
water,  by  which  we  can  make  sure  of  a  knowledge 
of  certain  differences  of  temperature,  independent 
of  any  thermometer.  If  we  mix  together  1  pound 
of  water  of  the  temperature  100°,  and  another 
pound  of  the  temperature  200°,  it  is  obvious  that 
the  surplus  heat  of  the  hot  water  will  be  equally 
divided  between  the  two  portions  of  that  liquid. 
One  half  of  it  will  enter  the  coldest  portion  and 
increase  its  temperature,  while  the  hottest  portion 
will  have  lost  one  half  of  its  surplus  heat;  the 
whole  mixture  will  acquire  the  same  temperature  ; 
and  it  is  obvious  that  if  the  thermometer  be  an 
accurate  measurer  of  heat,  this  intermediate  tem- 
perature will  be  the  arithmetical  mean  between  the 
temperatures  of  the  two  liquids  mixed,  or  150°. 

The  result  of  the  experiments  of  Black,  De  Luc, 

*  Experiments  and  Observations  on  Animal  Heat,  p.  20. 
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and  Crawford,  is  that  the  expansion  of  mercury  sect.  n. 
measures  very  nearly  equal  increments  of  heat,  as  " 
high  as  their  experiments  went ;  that  is,  to  212°. 
The  variation  (if  any  exist)  is  so  small,  that  it  may 
be  safely  neglected  without  any  sensible  error.  But 
from  the  experiments  of  Dulong  and  Petit,  there 
is  reason  to  conclude  that  the  increasing  rate  of  the 
expansion  of  mercury  becomes  sensible  at  higher 
temperatures  than  212°.  This  increased  rate  be- 
comes sensible  when  we  expose  a  mercurial  and  an 
air  thermometer  to  the  same  temperature,  (correct- 
ing the  instruments  for  the  expansion  of  glass  ;) 
the  following  are  the  points  on  the  scale  at  which 
they  respectively  stand. 

Air  therm.  Merc,  therm.  Difference. 

212°  i  212°                .  '  0 

299-66  *  .  302  <  i  2-33 

386-69  .  392  .>  .:,  5'31 

473-09  .  482                 .  8-91 

558-86  .  572                 .  13-14 

662  /.  680  jV'  18 

We  see  from  this  table  (the  experiments  were 
made  by  Dulong  and  Petit),  that  the  boiling  point 
of  mercury,  measured  by  its  own  expansions,  is 
680° ;  but  measured  by  the  expansion  of  air,  662°. 
Hence  the  increment  of  expansion  over  that  of 
heat  at  that  temperature,  amounts  to  18°,  or  (nearly) 
-Jj  of  the  whole. 

If  we  plunge  a  common  well  graduated  thermo-  Error  cor- 
meter  into  boiling  mercury,   it  stands,  according  the  oraL 
to  the  observations  of  Mr.  Crichton,  at  660° :  so  tub".0 
that  the  expansion  of  the  glass  is  equivalent  to  20°. 
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chap.  i.  ft  therefore  almost  exactly  counteracts  the  increase 
of  the  rate  of  the  expansion  of  the  mercury.  The 
consequence  of  this  fortunate  coincidence  is,  that 
an  accurately  graduated  mercurial  glass  thermo- 
meter is  an  accurate  measurer  of  the  increase  of 
temperature  as  high  as  the  boiling  point  of  mer- 
cury, or  to  662°. 

From  the  different  methods  followed  by  philo- 
sophical instrument  makers  in  determining  the 
boiling  point,  it  was  found  that  thermometers  very 
seldom  agreed  with  each  other,  and  that  they  often 
deviated  several  degrees  from  the  truth.  This 
induced  Mr.  Cavendish  to  suggest  to  the  Royal 
Society  the  importance  of  publishing  rules  for  con- 
structing these  very  useful  instruments.  A  com- 
mittee of  the  Society  was  accordingly  appointed 
to  consider  the  subject.  This  committee  pub- 
lished a  most  valuable  set  of  directions,  which 
may  be  consulted  in  the  Philosophical  Transac- 
tions.* The  most  important  of  these  directions  is, 
to  expose  the  whole  of  the  tube  as  well  as  the  ball 
of  the  thermometer  to  steam,  when  the  boiling 
water  point  is  to  be  determined.  They  recommend 
this  to  be  done  when  the  barometer  stands  at  29 -8 
inches.  When  a  thermometer  is  to  be  employed 
as  an  instrument  to  determine  the  temperature 
of  any  place  where  it  is  suspended,  it  is  obvious 
that  it  never  can  be  accurate  unless  this  mode  of 
graduation  be  followed.  But  when  we  employ  it 
in  the  laboratory  to  determine  the  temperature  of 

*  Phil.  Trans.  1777,  p.  816. 
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water  or  any  substance,  it  would  be  inconvenient   Sect.  n 
and  often  impossible  to  plunge  the  whole  instru-  " 
ment  into  the  body  whose  temperature  we  wish  to 
determine.    In  general,  we  can  only  apply  or  plunge 
the  bulb  into  it.     Hence  it  is  better  to  graduate 
such  instruments  simply  by  plunging  the  bulb  into 
the  freezing  and  boiling  water,  in  order  to  deter- 
mine  the  freezing  and  boiling  water  points. 

The  thermometer  merely  indicates  the  change  of 
temperature  which  it  undergoes  itself,  when  applied 
to  a  hot  or  cold  body.  It  will  not  give  us  a  cor- 
rect idea  of  the  temperature  of  another  body  into 
which  we  plunge  it,  unless  it  bears  a  very  small 


ratio  in  point  of  size  to  that  of  the  body  under  besma11- 
examination.  We  must  wait  for  some  time  till  the 
thermometer  become  stationary  before  we  draw 
our  conclusion.  If  the  temperature  of  the  body 
examined  be  undergoing  alteration,  (either  aug- 
menting or  diminishing,)  the  size  of  the  thermo- 
meter applied  ought  to  be  very  small,  that  it  may 
acquire  the  temperature  of  the  body  to  which  it  is 
applied  as  rapidly  as  possible.  Indeed,  if  the  ther- 
mometer be  of  a  considerable  size,  it  will  never 
indicate  the  maximum  temperature  of  a  body,  pro- 
vided that  temperature  be  of  short  duration.  I 
suspended  a  very  large  and  a  very  small  thermo- 
meter near  each  other  in  a  north  exposure,  and 
shaded  from  the  sun,  to  determine  the  summer 
temperature  of  Glasgow  ;  and  I  almost  constantly 
found  the  small  thermometer  a  degree  or  two  higher 
than  the  large  one,  about  the  time  of  the  day  when 
the  temperature  was  highest,  and  a  degree  or  two 

I.  E 
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chap.  i.  lower  when  the  temperature  was  coldest.  The 
mean  temperature  of  the  day  indicated  by  each 
thermometer  corresponded,  but  the  extremes  dif- 
fered several  degrees. 

smSanange  The  temperatures  which  we  can  measure  by  a 
mercurial  thermometer  are  confined  within  narrow 
limits.  For  mercury  freezes  at  about  39°  below 
zero,  and  boils  at  660°.  Hence  we  cannot  employ 
it  to  measure  greater  heats  than  660°,  nor  greater 
degrees  of  cold  than  — 39°.  Yet  many  tempera- 
tures connected  with  our  most  common  processes 
are  much  higher  than  660°.  The  heat  of  a  com- 
mon fire,  the  temperature  at  which  silver,  copper, 
and  gold  melts,  and  many  other  such  points,  offer 
familiar  examples. 

Wedge-          Mr.   Wedgewood   contrived   an    instrument  for 

wood  s   py-  ° 

remoter,  measuring  high  temperatures,  which  was  known 
by  the  name  of  Wedgewood's  pyrometer,  and  was 
at  one  time  in  general  use.  It  consisted  of  small 
pieces  of  Cornish  clay,  moulded  into  cylinders  of 
a  determinate  size,  and  baked  in  a  low  red  heat. 
These  pieces  were  of  such  a  size  as  just  to  enter 
between  two  square  brass  rods,  fixed  on  a  brass  plate 
24  inches  long,  half  an  inch  asunder  at  one  ex- 
tremity, and  0-3  inch  at  the  other.  The  brass  rods 
were  divided  into  inches  and  tenths,  making  in  all 
240  divisions  or  degrees.  When  pieces  of  clay 
baked  in  Wedgewood's  manner  are  exposed  to  heat, 
they  shrink  in  their  dimensions,  and  the  shrinkage 
in  Wedgewood's  opinion  was  proportional  to  the 
temperature.  This  was  the  foundation  of  his  instru- 
ment. The  heat  to  which  the  clay  piece  was 
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exposed   was    indicated   when   its  shrinkage  was   Sect.  u. 
measured  between  the  brass  rods.     If  exposed  to  ~ 
the  heat  at  which  silver  melts,  it  advanced  between 
the  brass  rods  to  22°,  or  2'2  inches.     If  to  the 
melting  point  of  gold,  to  32° ;  if  to  the  melting 
point  of  cast  iron,  to  130°,  and  so  on. 

But  this  pyrometer  of  Wedgewood  has  been  long 
out  of  use.  For  it  was  found  that  if  a  clay  piece 
was  lono;  exposed  to  a  low  temperature,  it  shrunk 
as  much  in  its  dimensions  as  if  it  had  been  exposed 
for  a  short  time  to  a  much  higher  temperature. 
In  short,  the  time  of  exposure  has  as  much  effect 
as  the  temperature  upon  the  alteration  of  the  dimen- 
sions of  the  clay  pieces.* 

In  1803,  Guy  ton  de  Morveau  presented  to  the 
French  Institute  a  pyrometer  of  platinum,  which 
measured  high  temperatures  by  the  expansion  of  a 
plate  of  that  very  refractory  metal.t  Mr.  Daniell, 
of  London,  constructed  a  pyrometer  upon  similar 
principles,  and  published  a  description  of  it  in  the 
llth  volume  of  the  Journal  of  the  Royal  Institu- 
tion, in  1821.  His  instrument  consists  of  a  bar  of 
platinum  10}  inches  long  and  0-14  inch  in  diameter. 
It  is  placed  in  a  tube  of  black  lead  or  earthen  ware, 
and  the  difference  between  the  expansion  of  the 
platinum  bar  and  the  earthen  ware  tube  is  indicated 
on  a  circular  scale.  This  pyrometer  indicates  a 
change  of  about  7°  of  Fahrenheit's  scale ;  or,  in 
other  words,  1°  of  Daniell  is  equal  to  7°  Fahren- 

*  See  for  an  account  of  Wedgewood's  pyrometer  Phil.  Trans. 
1782,  p.  305;  1784,  p.  358  ;  1786,  p.  390. 
f  Ann.  de  Chimie,  xlvi.  276. 
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chap.  i.  heit.  Mr.  Daniel!  has  published  the  following  table 
""  of  results  obtained  by  him  by  means  of  this  pyro- 
meter. He  places  the  greatest  reliance  on  the 
fusing  point  of  silver,  which  was  obtained  by  him 
three  different  times,  each  time  within  a  degree  of 
each  other.* 


Boiling  point  of  mercury 
Fusing  point  of  tin 

bismuth 

lead 

zinc     u;« 

—  brass 

—  silver 

—  ditto, 

—  copper 
-  gold 

—  cast  iron 


Red  heat  just  visible  in  day  light 

Heat  of  a  common  fire 

Full  red  heat  .      :U  :     f. 

Orange  heat         <>.»*• ''*>•*.>:  .:"••-•. 


Daniell. 

92° 

63 

66 

87 

94 

267 

319 

_^_ — _ 

364 
370 
497 
140 
163 


Fahrenheit. 

644° 
441 
462 
609 
648 
1869 
2233 
1830f 
2548 
2590 
3479 
980 
1141 
1200f 
1650f 


heat. 


The  ther-        The  thermometer,  notwithstanding  the  unavoid- 

has  eniarg-  able  defects  under  which  it  still  labours,  has  con- 
ed our  no- 

tributed  very  much  to  enlarge  our  notions  respect- 
ing heat.  Heat  and  cold  constitute  two  of  the 
most  familiar  words  in  our  language.  When  either 
heat  or  cold  is  intense,  it  constitutes  a  sensation  of 
the  strongest  kind.  Both  are  capable  of  destroying 


*  Edin.  Phil.  Journ.  v.  397. 

t  As  determined  by  Mr.  Princep  by  an  air  thermometer. 
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life.  We  are  accustomed  to  consider  both  heat  ^t.  n. 
and  cold  as  a  positive  something,  and  it  requires  an 
attentive  consideration  to  render  it  probable,  that 
^cold  is  nothing  else  than  the  absence  or  abstraction 
of  heat.  But  the  thermometer  furnishes  a  decisive 
proof  of  the  accuracy  of  this  opinion,  which  is  level 
to  the  meanest  capacity.  It  contracts  uninter- 
ruptedly by  a  gradual  abstraction  of  heat,  and  as 
this  contraction  continues  to  the  very  lowest  point 
which  we  are  capable  of  reaching  j  we  can  form  no 
reasonable  doubt  that  the  greatest  cold  is  produced 
by  the  abstraction  of  heat,  as  well  as  the  smallest. 
We  have  no  doubt  that  the  congelation  of  lead  or 
tin  takes  place,  when  a  certain  quantity  of  heat  is 
withdrawn  from  these  bodies.  The  congelation  of 
bees'  wax,  of  tallow,  and  of  phosphorus,  is  produced 
in  the  very  same  way,  and  so  also  is  the  freezing 
of  water.  Yet  in  this  last  case,  heat  gives  place  to 
another  sensation,  namely,  of  cold.  We  never  in 
common  life  speak  in  this  last  case  of  a  diminution 
of  heat ;  but  of  an  increase  of  cold.  But  the  con- 
tinued contraction  of  the  thermometer,  and  the 
analogy  between  the  freezing  of  lead,  wax,  and 
water,  soon  induce  the  belief  that  both  are  caused 
in  the  same  way  ;  namely,  by  the  abstraction  of 
heat.  Thus  our  ideas  of  the  operations  of  heat  are 
greatly  extended.  We  now  know  that  no  mass  of  NO  body 

*  without 

matter  has  ever  yet  been  found  totally  destitute  of  heat. 
heat.     For  we  have  no  sufficient  evidence  that  pure 
alcohol  has  ever  yet  been  frozen ;  though  we  are 
sure  that  it  only  requires  a  sufficient  diminution  of 
heat  to  produce  that  effect  on  it. 
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chap.  i.        Indeed,  if  we  recollect  that  heat  is  continually 

~~  emanating  from  surrounding  bodies,  and  that  bodies 

absorb  it  so  much  the  more  greedily  the  colder 

they  are,  we  cannot  conceive  a  body  altogether 

void  of  it,  which  is  exposed  in  the  neighbourhood 

Coldest  cii-  of  others  that  contain  it.     The  coldest  part  of  the 

mate  of  the  r 

globe.  earth  of  which  we  have  any  accurate  knowledge,  is 
Melville  island,  situated  in  74°  47'  of  north  latitude, 
and  110°  48' west  longitude  from  Greenwich,  where 
Captain  Parry  wintered  during  the  year  1819-20. 
During  the  months  of  November,  December,  Jan- 
uary, February,  and  March,  the  thermometer  was 
occasionally  as  low  as  —50°,  and  at  some  distance 
from  the  ship,  as  — 55°.  In  October  it  sank  as  low 
as  — 28°,  in  May  as  low  as  — 4°.  During  January, 
it  was  never  higher  than  — 2°,  and  in  February  than 
— 17°.  During  every  month  of  the  year  it  froze. 
The  hottest  month  was  July,  and  the  maximum 
temperature  was  60°.  There  were  only  5  months 
in  the  year  in  which  the  maximum  temperature 
exceeded  32°,  these  were  May,  June,  July,  August, 
and  September.  The  following  table  exhibits  the 
maximum  and  minimum  temperature  of  the  months 
as  observed  by  Captain  Parry. 

Maximum.  Minimum. 

January  .  —  2°  —47° 

February         .  —17  .  —50 

March  .  +   6  \v  —40 

April  .  +32  .  —32 

May  V  +47  .  —  4 

June  ~--:.;/i  +51  ^  +28 

July  .  +60  *:<*  +32 

August  &  t  +45  Uvo:  +22 
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Maximum.  Minimum.  Sect.  II. 

September  ..  +37°  'V  —   1° 

October  .  +17-5  Hr  —28 

November  .  +6  '  *'.  <  —47 

December  .  +6  .  —43 

So  that  the  highest  temperature  observed  was  60°, 
and  the  lowest  — 50°,  making  a  range  of  110°.  In 
some  parts  of  Africa,  and  even  of  Asia,  the  ther- 
mometer is  said  to  have  been  observed  as  high  as  138°. 

Quicksilver  in  our  climate,  and  indeed  in  every  Discovery 
ii'ii       T  •  11    •       i*'j  j  of  the  con- 

habitable  climate,  is  usually  in  a  liquid  state  ;  and  gelation  of 

it  was  long  the  opinion  of  chemists,  that  fluidity  m 
was  a  property  essentially  belonging  to  this  metal. 
The  fixing  (or  rendering  solid)  of  mercury  was  a 
favourite  pursuit  of  the  alchymists,  and  constituted, 
in  their  opinion,  one  of  the  great  steps  towards  the 
discovery  of  the  Philosopher's  stone.  The  dis- 
covery of  its  congelation  constitutes  a  memorable 
era  in  chemistry ;  as  it  altered  and  materially  im- 
proved the  opinions  of  chemists  respecting  the 
effects  of  heat.  It  deserves,  therefore,  to  be  briefly 
noticed  here. 

We  are  indebted  to  M.  Braun,  professor  of  phi- 
losophy in  the  Imperial  Academy  of  Petersburg, 
for  the  discovery  of  the  congelation  of  quicksilver 
by  cold.  Dr.  Zeiher,  professor  of  mechanics  in  the 
same  Academy,  had  repeated  Fahrenheit's  experi- 
ments with  freezing  mixtures,  before  he  came  to 
settle  at  St.  Petersburg,  and  he  expected  to  be  able 
to  prosecute  them  still  farther  in  that  city,  where 
the  natural  cold  is  frequently  intense.  Illness  pre- 
venting him  from  putting  his  project  in  execution, 
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chap.  i.  he  communicated  it  to  M.  Braun,  who  readily  un- 
dertook it.  A  proper  opportunity  occurred  on  the 
14th  December,  1759,  as  the  thermometer  on  that 
day  sank  in  the  open  air  to  — 34- °.  M.  Braun 
prepared  a  mixture  with  nitrous  acid  and  pounded 
ice,  into  which  a  thermometer  being  put,  sunk  to 
—69°,  lower  by  about  30°  than  it  had  fallen  in  any 
preceding  experiments  of  this  nature.  Animated 
by  the  hope  of  producing  still  greater  cold,  he 
entered  on  his  experiment  anew,  and  all  his  pounded 
ice  being  exhausted,  he  was  fortunately  obliged  to 
substitute  snow  in  its  place.  With  this  fresh  mix- 
ture, he  sank  his  thermometer  to  — 100°,  — 244°, 
and  at  last  to  — 352°.  Surprised  at  such  results, 
he  drew  the  instrument  out  of  the  mixture,  and 
found  it  entire,  but  the  quicksilver  was  fixed  and 
remained  immoveable  for  above  12  minutes.  On 
repeating  the  same  experiment  with  another  ther- 
mometer, graduated  no  lower  than  — 220°,  all  the 
mercury  sank  into  the  ball,  and  became  solid  as 
before;  not  beginning  to  re-ascend  till  after  a  great 
interval  of  time. 

From  these  appearances,  M.  Braun  concluded 
that  the  quicksilver  in  both  instruments  had  been 
frozen  or  solidified  by  the  cold.  He  announced 
his  opinion  as  a  probable  fact  to  the  Academy,  and 
prepared  a  new  set  of  thermometers,  in  order  to 
obtain  decisive  evidence.  On  the  25th  December 
(old  style),  in  company  with  -ZEpinus,  professor  of 
physics,  he  repeated  the  experiments,  and  as  soon 
as  he  found  the  quicksilver  immoveable,  he  broke 
the  bulb  of  his  thermometer.  Now  all  doubts  were 
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removed.  He  obtained  a  solid,  shining,  metallic,  Sect-  n- 
mass,  which  extended  under  the  strokes  of  a  pestle, 
in  hardness  rather  inferior  to  lead,  and  yielding  a 
dull  dead  sound  like  that  metal.  ^Epinus  observed, 
at  the  same  time,  that  the  frozen  mercury  assumed 
a  concave  surface,  and  that  congealed  pieces  of  it 
sunk  in  fluid  mercury :  all  evident  proofs  of  its 
great  contraction. 

In  the  year  1775,  Mr.  Hutchins  repeated  these 
experiments  at  Albany  Fort,  Hudson's  Bay,  con- 
gealed the  mercury  by  cold,  but  was  equally  at  a 
loss  with  Braun,  to  determine  the  true  point  of  con- 
gelation. Mr.  Cavendish,  to  obviate  his  difficulties, 
sent  him  out  a  proper  set  of  instruments,  together 
with  ample  directions  how  to  proceed.  In  the 
winter  1781-82,  Mr.  Hutchins  made  the  requisite 
experiments,  an  account  of  which  was  published 
by  Mr.  Cavendish  in  the  Philosophical  Transactions 
for  1783.  The  mercury  was  frozen  in  wide  glass 

tubes,  and  the  thermometer  to  determine  its  freezing  Freezing 

.      p°int  °f 
point  was  plunged  into  it,  and  kept  in  it  during  mercury. 

the  whole  process  of  congelation.  It  remained 
stationary  during  the  freezing  at  — 38°-66,  showing 
clearly  that  this  is  the  freezing  point  of  that  metal. 
Mr.  Cavendish  showed  that  in  the  act  of  congealing 
mercury  contracts  about  aVd  of  its  bulk.  This 
accounts  for  the  very  low  point  to  which  the  ther- 
mometerappeared  tosinkin  M.  Braun's  experiments. 
The  freezing  point  was  — 38°-66,  to  which  it  sunk 
in  the  first  place.  By  freezing,  it  diminished  in 
bulk  aVd  part,  which  is  equivalent  to  452°.  So  that 
his  thermometers,  supposing  the  true  cold  not  to 


SPECIFIC 

.   have  exceeded  — 40°,   would  have  indicated  the 

"low  temperature  of — 4<92°. 

Having  thus  explained  at  some  length  the  nature 
of  the  thermometer,  it  will  be  proper  now  to  point 
out  some  of  the  most  important  new  facts  respect- 
ing heat,  which  have  been  acquired  by  means  of 
the  thermometer.  These  facts  will  serve  still 
farther  to  extend  our  knowledge,  and  rectify  our 
opinions  respecting  heat. 

SECTION  III.     OF  SPECIFIC  HEAT. 

It  has  been  already  observed  that  heat  has  a  tend- 
ency to  diffuse  itself  from  any  hotter  body  to  the 
colder  bodies  around  it.      This  distribution   con- 
tinues till  no  body  is  disposed  to  take  any  more 
heat  from  the  rest.     When  all  mutual  action  has 
ceased,  if  we  apply  a  thermometer  to  any  one  of 
the  contiguous  bodies  we  shall  find  that  they  all 
indicate  the  same  temperatures.     We  must  there- 
Neighbour-  fore  adopt,  as  one  of  the  most  general  laws  of  heat, 
acquire 'the  that  all  bodies  communicating  freely  with  each  other 

same  tern-  .  . 

.  and  exposed  to  no  inequality  of  external  action,  ac- 
quire the  same  temperature  as  indicated  by  the  ther- 
mometer. 

When  bodies  are  brought  into  this  state  they 
are  said  in  common  language  to  be  equally  hot ; 
and  even  chemists  and  philosophers  were  long 
of  opinion  that  all  bodies  in  such  circumstances, 
supposing  the  weight  the  same,  contained  exactly 
the  same  quantity  of  heat.  An  experiment  of 
Fahrenheit,  made  at  the  request  of  Boerhaave, 
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first  led  to  an   accurate  investigation  of  the  sub-  Sect.  in. 
ject.* 

Fahrenheit  took  equal  volumes  of  water  and  ^eSTif 
mercury  at  different  temperatures,  and  agitated  Jea£ren" 
them  together.  The  temperature  produced  was 
not  the  mean  between  that  of  the  water  and  mer- 
cury previous  to  mixture,  as  it  would  have  been 
had  equal  volumes  of  hot  and  cold  water  been  thus 
agitated  together.  When  the  water,  previous  to 
agitation,  was  hot  and  the  mercury  cold,  the  new 
temperature  resulting  was  greater  than  the  mean, 
and  it  was  less  than  the  mean,  if  the  mercury  was 
hot  and  the  water  cold.  To  produce  the  mean 
temperature  it  was  necessary  to  agitate  together 
2  volumes  of  water  and  3  volumes  of  mercury. 
When  such  measures  were  taken,  Boerhaave  assures 
us  that  the  mean  temperature  always  resulted, 
whether  the  water  or  the  mercury  was  hottest 
before  the  mixture. 

It  is  very  surprising  that  Boerhaave  drew  as  a 
conclusion  from  this  experiment,  that  heat  is  dis- 
tributed through  bodies  in  proportion  to  their  vo- 
lume, riot  to  their  weight.  It  was  Dr.  Black  who  F™«}  . 

O  which  the 

first  drew  the  proper  inference  from  this  experiment 
about  the  year  1760,  while  a  lecturer  on  chemistry  in 
the  University  of  Glasgow.  Dr.  Black  reasoned 
upon  the  experiment  in  the  following  manner. 

Let  us  suppose  a  given  volume  of  water  at  100° 
mixed  with  the  same  volume  of  quicksilver  at  150°. 
We  know  that  the  mean  temperature  between  100° 
and  150°  is  125°,  which  would  be  produced  by 

*  See  Boerhaave's  Chemistry  translated  by  Shaw,  vol.  i.  p.  291. 
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chap.  i.   mixing  water  at    100°  with    an   equal   volume  of 
water  at  150 .     But  when  hot  quicksilver  is  used 
instead  of  water,  the  temperature  of  the  mixture  is 
only  120°  instead  of  125°.     The  mercury  therefore 
has  lost  30°  of  heat,  while  the  water  has  become 
warmer  by  20°  only.    ,And  yet  the  heat  which  the 
water  has  gained  is  the  very  same  which  the  mer- 
cury has  lost.     We  see  from  this  that  the  same 
quantity  of  heat  has  a  greater  effect  in   heating 
mercury  than  in  heating  water.     If  it  heat  mercury 
3°  it  will  heat  water  only  2°,  or  if  it  heat  water  1° 
it  will  heat  mercury  1°^.     So  that  if  we  reckon  the 
capacity  of  mercury  for  heat  1,  the  capacity  of  the 
same  volume  of  water  will  be  1±.     But  mercury  is 
13^   times  denser   than  water.      Consequently  to 
find  the  relative  capacity  of  the  same  weights  of 
mercury  and  water  we  have  only  to  multiply  1.5 
by  13^.     The  product  20^  will  give  us  the  capa- 
city of  water  for  heat,  if  we  reckon  that  of  mercury 
1 ;    supposing    Fahrenheit's    experiment   to    have 
been  accurately  made. 

^e  experiment  of  Fahrenheit  was  observed  by 
Dr.  Black  to  agree  very  well  with  another  experi- 
ment related  by  Dr.  Martine  in  his  essay  on  the 
heating  and  cooling  of  bodies.  He  placed  before 
a  good  fire  and  at  equal  distances  from  it,  a  quan- 
tity of  water  and  an  equal  volume  of  mercury, 
each  of  them  contained  in  equal  and  similar  glass 
vessels,  and  each  having  a  delicate  thermometer 
immersed  in  it.  He  found  in  repeated  experi- 
ments that  the  mercury  was  warmed  by  the  fire 
much  faster  than  the  water ;  indeed  almost  twice 
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as  fast.  After  each  experiment  having  heated  sect.  in. 
each  of  these  two  fluids  to  the  same  degree,  he  " 
placed  them  in  a  cold  stream  of  air,  and  found  that 
the  mercury  was  always  cooled  much  faster  than 
the  water.*  The  reason  of  this  result  is  obvious 
when  we  know  that  mercury  has  a  smaller  capacity 
for  heat  than  water.  It  heats  sooner  than  that 
liquid,  because  less  heat  is  necessary  to  raise  it  the 
same  number  of  degrees,  than  is  required  to  make 
the  same  change  in  the  temperature  of  water.  It 
cools  sooner  than  water,  because  it  has  less  heat  to 
lose  than  that  liquid. 

Dr.  Black  satisfied  himself  with  establishing  the 
fact  that  bodies  have  different  capacities  for  heat, 
from  these  two  experiments  of  Fahrenheit  and 
Martine.  But  Dr.  Irvine,  who  succeeded  him  as  Of  *™ine 

and  Watt. 

lecturer  on  chemistry  in  Glasgow,  and  Mr.  Watt, 
who  was  at  that  time  a  philosophical  instrument 
maker  in  that  city,  took  up  the  subject  and  made 
many  experiments  to  ascertain  the  relative  capaci- 
ties of  different  bodies.  But  they  did  not  think  it 
necessary  to  lay  .the  result  of  their  experiments 
before  the  public.  Dr.  Crawford  probably  inserted 
a  table  of  specific  heats  in  the  first  edition  of  his 
Experiments  on  Heat,  published  in  1779-t  He 
was  therefore  the  earliest  author  on  the  subject. 
In  the  17th  volume  of  the  Journal  de  Physique, 
published  in  1780,  there  is  a  treatise  on  heat  by 

*  Marline's  Essays,  p.  74. 

t  I  have  never  seen  a  copy  of  the  first  edition  of  this  work ; 
but  have  no  doubt  that  it  contained  experiments  on  the  capacity 
of  bodies  for  heat,  as  his  theory  was  founded  on  it. 
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chap.  i.    Magellan,    containing   a   pretty   copious   table   of 
"  specific  heats,  furnished,  as  Magellan  informs  us, 
by  Mr.  Kir  wan. 

In  the  Memoirs  of  the  Swedish  Academy  of 
Sciences  for  1781,  there  is  an  ingenious  Essay  on 

OF  wiicke.  the  specific  heat  of  Metals,  &c.  by  Mr.  J.  C.  Wilcke. 
Whether  he  was  acquainted  with  the  previous 
labours  of  the  British  chemists  on  this  subject  does 
not  appear,  as  he  nowhere  makes  the  least  allusion 
to  them  :  but  quotes  Klingenstjerna,  as  the  author 
who  first  started  the  doctrine  of  the  different  capa- 
city of  bodies  for  heat.  Klingenstjerna  died  in 
1765,  and,  from  the  passage  which  Wilcke  quotes, 
he  appears  to  have  reasoned  from  the  experiment 
of  Fahrenheit  precisely  as  Dr.  Black  did.  Thus  it 
would  seem  that  both  Black  and  Klingenstjerna  dis- 
covered the  doctrine  of  the  different  specific  heat 
of  bodies,  without  any  communication  with  each 
other ;  but  from  a  knowledge  of  an  experiment 
made  long  before  by  Fahrenheit,  and  erroneously 
reasoned  from  by  Boerhaave.  Which  of  the  two 
had  the  precedence  in  point  of  time,  I  have  no 
means  of  knowing. 

SL  an™1"       ^  ^  °^  exPeriments  undertaken  by  Lavoisier 

Laplace,  and  Laplace,  to  determine  the  specific  heat  of  various 
bodies,  appeared  in  the  Memoires  of  the  Paris  Aca- 
demy of  Sciences  for  1780;  not  published  pro- 
bably till  1784. 

After  the  publication  of  the  second  edition  of 
Crawford's  Treatise  on  Heat  in  1788,  a  considerable 
interval  of  time  elapsed,  before  any  addition  was 
made  to  our  knowledge  of  the  specific  heats  of 
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bodies.  A  set  of  experiments  to  determine  the 
specific  heats  of  16  different  species  of  wood,  by 
Professor  Meyer  of  Erlangen,  appeared  in  Crell's 
Annals  for  1798.  Professor  Leslie  of  Edinburgh,  Dalto" 
in  his  Treatise  on  Heat  published  in  1804,  gave 
the  specific  heats  of  a  few  bodies  determined  in  the 
same  way  as  Professor  Meyer  had  done  that  of  the 
woods.  Mr.  Dalton  adopted  the  same  mode  of 
experimenting,  and  in  the  first  volume  of  his  New 
System  of  Chemical  Philosophy  published  in  1808, 
he  gave  a  number  of  results  obtained  by  him  in 
that  way. 

In  1813,  a  most  elaborate  set  of  experiments 
was  published  by  Delaroche  and  Berard  on  the 
specific  heats  of  gaseous  bodies  and  vapours.  These 
experiments  were  made  in  Berthollet's  laboratory, 
and  the  apparatus  had  been  constructed  at  the 
expense  of  that  eminent  chemist.*  These  experi- 
ments seem  to  have  been  conducted  with  care;  but 
the  experimenters  were  guilty  of  an  oversight 
which  prevented  their  results  from  being  very  near 
approximations  to  the  truth.  The  gases  on  which 
they  experimented  were  moist.  Hence  the  influ- 
ence of  the  vapour  would  vary,  according  to  the 
specific  gravity  of  the  gas  ;  this  introduced  a  vari- 
able unknown  quantity,  which  ought  to  have  been 
subtracted  in  order  to  obtain  the  true  specific  heat 
of  each  gas. 

In  1823,  a  new  set  of  experiments  was  made  by 
Mr.  Haycraft,t  with  an  apparatus  resembling  that 

*  See  Ann.  <le  Chim.  Ixxxv.  72,  or  Annals  of  Philosophy,  ii.  134. 
|  Edin.  Trans,  x.  195. 
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chap.  i.   Of  Delaroche  and  Berard.     But  he  took  the  pre- 
~~  caution  of  drying  his  gases  with  great  care.     This 
enabled  him  to  obtain  results  agreeing  accurately 
with  each  other,  and  obviously  very  near  approxi- 
mations to  the  truth.     Indeed,  his  results  have  been 
since  fully  corroborated  by  the  new  experiments  of 
of  Deia-    MM.  Delarive  and  F.  Marcet,  who  determined  the 

rive  and 

Marcet.  specific  heat  of  no  fewer  than  14  gases.*  Their 
method  was  to  measure  the  time  that  a  thermometer, 
plunged  into  each  gas,  took  to  be  heated  a  certain 
number  of  degrees,  the  gas  being  exposed  to  a  con- 
stant source  of  heat.  To  obviate  the  effect  of 
mobility,  the  globe  containing  the  gases  was  placed 
in  the  centre  of  a  copper  globe  filled  with  rarefied 
air,  and  blackened  within.  The  source  of  heat 
was  a  large  vessel  filled  with  water  of  86°,  into 
which  the  whole  apparatus  was  plunged. 

Such  are  the  principal  sources  from  which  our 
knowledge  of  the  specific  heat  of  bodies  is  derived. 
It  has  been  ascertained  that  every  body  requires  a 
certain  quantity  of  heat  to  increase  its  temperature 
a  certain  number  of  degrees ;  and  scarcely  any  two 
bodies  agree  with  each  other  in  the  quantity  re- 
quisite. The  heat  thus  necessary  is  called  the 
specific  heat  of  the  body.  Dr.  Black  and  his  fol- 
lowers, Dr.  Irvine  and  Mr.  Watt,  distinguished 
this  property  of  bodies  by  the  phrase  capacity  of 
bodies  for  heat.  But  the  phrase  specific  heat  has 
prevailed,  being  considered  as  a  simple  specification 
of  the  matter  of  fact. 

*  Ami.  de  Chim.  et  de  Phys.  xxxv.  1. 
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Few  bodies  have  a  higher  specific  heat  than  Sect.  in. 
water.  Partly  on  this  account,  but  chiefly  on  " 
account  of  the  facility  with  which  it  may  be  every 
where  procured,  it  has  been  made  choice  of  as  a 
standard  to  which  the  specific  heat  of  other  bodies 
is  referred.  Its  specific  heat  is  considered  as  (1.) 
unity.  If  a  substance  has  twice  the  specific  heat 
of  water,  we  say  that  its  specific  heat  is  2 ;  if  thrice, 
that  it  is  3,  and  so  on.  If  it  has  half  or  one-third 
the  specific  gravity  of  water,  we  say  that  its  specific 
heat  is  0-5,  or  0-33,  and  so  of  the  others. 

Three  different  modes  of  determining  the  specific 
heats  of  bodies  have  been  contrived. 

1 .  The  first  and  oldest  method  is  to  mix  deter-  Specific 

n  i  •  r»  keat  deter- 

minate weights  or  the  body  whose  specific  heat  we  ™jned  by 

want,  and  of  water  at  different  temperatures  together, 
to  observe  the  new  temperature  produced  by  the 
mixture,  and  from  this  to  deduce  the  specific  heat 
of  the  body  under  trial.  For  example,  if  we  take 
1  pound  of  water  of  the  temperature  100°,  and  10 
pounds  of  mercury  of  the  temperature  200°,  and 
agitate  them  together  in  a  glass  phial,  after  the 
agitation,  we  shall  find  that  both  liquids  will  have 
acquired  a  uniform  temperature.  The  water  will 
have  become  hotter,  and  the  mercury  colder.  Ab- 
stracting for  the  present  the  effect  of  the  phial,  this 
new  temperature  will  be  nearly  125°.  So  that  the 
water  will  have  gained  25°  of  heat,  while  the  mer- 
cury will  have  lost  75°.  Thus  the  mercury  has 
lost  three  times  as  many  degrees  of  temperature  as 
the  water  has  gained.  It  is  obvious,  therefore,  that 
the  same  quantity  of  heat  produces  three  times  as 

I.  F 
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Chap.  i.  much  effect  in  raising  the  temperature  of  10  Ibs.  of 
mercury,  as  in  raising  the  temperature  of  1  Ib.  of 
water.  Therefore,  if  we  take  equal  weights  of  these 
liquids,  it  is  clear  that  the  same  quantity  of  heat 
will  produce  thirty  times  the  effect  on  mercury  as 
on  water.  Therefore,  the  specific  heat  of  water  is 
thirty  times  as  great  as  that  of  mercury.  If  the 
specific  heat  of  water  be  1,  that  of  mercury  must 
be  0-033. 

In  making  such  experiments,  it  is  always  neces- 
sary to  attend  to  the  heat  communicated  or 
abstracted  by  the  vessel  in  which  the  experiment  is 
made.  Suppose,  for  example,  that  the  pound  of 
water  of  100°  was  standing  in  a  glass  phial  weigh- 
ing half  a  pound,  and  that  we  pour  into  it  the 
ten  pounds  of  mercury  of  the  temperature  200°. 
It  is  clear  that  the  surplus  heat  in  the  mercury 
would  not  be  all  expended  in  raising  the  temper- 
ature of  the  water.  A  portion  of  it  would  go  to 
heat  the  phial,  which  would  acquire  as  great  an 
addition  of  temperature  or  nearly  so  as  the  water. 
If  the  specific  heat  of  the  phial  were  as  great  as 
that  of  the  water,  it  is  plain  that  one-third  of  the 
heat  would  go  into  the  phial ;  so  that  the  tempera- 
ture after  mixture,  would  only  be  116°|,  instead 
of  125°.  But  the  specific  heat  of  glass  is  only 
about  £th  of  that  of  water.  So  that  only  |  of  ^  or 
TVth  of  the  surplus  heat  would  be  employed  in 
heating  the  phial.  The  temperature  after  mixture 
instead  of  125°  would  be  only  123°f . 

The  easiest  way  of  avoiding  this  error  is  to  make 
two  experiments.  The  first  by  pouring  the  hot 
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mercury  into  the  cold  water,  the  second  by  pouring  Scct-  ni. 
the  cold  water  into  the  hot  mercury ;  taking  care  "~ 
that  both  trials  are  made  in  the  same  vessel.     By 
taking    the    mean   of   the   two   experiments,    we 
obtain    very  nearly  the  true  temperature  of  the 
mixture. 

It  was  in  this  way  that  the  experiments  of  Irvine, 
Kirwan,  Crawford,  and  Wilcke,  were  conducted. 
Dr.  Irvine  reduced  the  whole  to  the  following 
mathematical  formula. 

Let   the   weight   of  the   water  be  W,    its  temp.  w. 

body  be  B, b. 

Let  the  temperature  after  mixture  be  m 

rr,,  .~    ,  c  D      W  (m — w) 

The  specific  heat  of  B  =  __>  _ 

B  (b — m) 

In  this  formula  the  water  is  supposed  to  be 
coldest.  If  the  water  be  hot  and  the  body  be  cold, 
which  in  some  cases  may  be  the  more  convenient 
mode  of  making  the  experiment,  the 

o        -c.     u  e  r>  W  (w — m) 

Specific  heat  of  B  =  -=— —    ~ 
B  (m — 6) 

This  mode  of  experimenting,  though  theoretically 
easy,  is  in  reality  so  difficult,  that  the  results 
obtained  by  it  are  probably  not  very  near  approxi- 
mations to  the  truth.  The  mode  of  allowing  for 
the  heat  lost  during  the  experiment,  which  has 
been  uniformly  employed,  is  certainly  inaccurate. 

2.  The  second  method  of  determining  the  spe-  By  the  ca- 
cific  heats  of  bodies  was  contrived  by  Lavoisier  and 
Laplace,   and  employed  by  them  in  determining 
the  specific  heats  of  about  eight  different  substances. 
This  method  appears  abundantly  simple;  but  it  has 
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chap.  i.  failed  in  the  hands  of  every  one  who  has  attempted 
""  it  since  the  publications  of  their  experiments.  An 
instrument  was  contrived,  to  which  Lavoisier  gave 
the  name  of  calorimeter.  It  consists  of  three  cir- 
cular vessels  nearly  inscribed  into  each  other,  so 
as  to  form  three  different  apartments,  one  within 
the  other.  These  three  we  shall  call  the  interior, 
middle,  and  external  cavities.  The  interior  cavity 
into  which  the  substances  submitted  to  experiment 
are  put,  is  composed  of  a  grating  or  cage  of  iron 
wire,  supported  by  several  iron  bars.  Its  opening 
or  mouth  is  covered  by  a  lid,  which  is  composed 
of  the  same  materials.  The  middle  cavity  is  filled 
with  ice.  This  ice  is  supported  by  a  grate,  and 
under  the  grate  is  placed  a  sieve.  The  external 
cavity  is  also  filled  with  ice.  We  have  remarked 
already,  that  no  caloric  can  pass  through  ice  at  32°. 
It  can  enter  ice,  indeed,  but  it  remains  in  it,  and  is 
employed  in  melting  it.  The  quantity  of  ice  melted, 
then,  is  a  measure  of  the  heat  which  has  entered 
into  the  ice.  The  exterior  and  middle  cavities 
being  filled  with  ice,  all  the  water  is  allowed  to 
drain  away,  and  the  temperature  of  the  interior 
cavity  to  come  down  to  32°.  Then  the  substance, 
the  specific  heat  of  which  is  to  be  ascertained, 
is  heated  a  certain  number  of  degrees,  suppose  to 
212°,  and  immediately  put  into  the  interior  cavity 
enclosed  in  a  thin  vessel.  As  it  cools,  it  melts  the 
ice  in  the  middle  cavity.  In  proportion  as  it  melts, 
the  water  runs  through  the  grate  and  sieve,  and 
falls  through  the  conical  funnel  and  the  tube  into 
a  vessel  placed  below  to  receive  it.  The  external 


BEAT.  69 

cavity  is  filled  with  ice,  in  order  to  prevent  the  sect.  in. 
external  air  from  approaching  the  ice  in  the  middle 
cavity,  and  melting  part  of  it.  The  water  produced 
from  it  is  carried  off  through  a  pipe.  The  external 
air  ought  never  to  be  below  32°,  nor  above  41°.  In 
the  first  case,  the  ice  in  the  middle  cavity  might  be 
cooled  too  low ;  in  the  last,  a  current  of  air  passes 
through  the  machine,  and  carries  off  some  of  the 
caloric.  By  putting  various  substances  at  the  same 
temperature  into  this  machine,  and  observing  how 
much  ice  each  of  them  melted  in  cooling  down  to 
32°,  it  was  easy  to  ascertain  the  specific  heat  of 
each.  Thus  if  water,  in  cooling  from  212°  to  32% 
melted  one  pound  of  ice,  and  spermaceti  oil  0*5  of 
a  pound ;  the  specific  heat  of  water  was  one,  and 
that  of  the  oil  0-5. 

3.  The  third  mode  of  determining  the  specific 
heats  of  bodies  was  suggested  by  Dr.  Black  many 
years  ago ;  but  seems  to  have  been  first  employed 
by  Professor  Meyer  of  Erlangen  in  1797>  to  deter- 
mine the  specific  heat  of  woods.  He  took  spheri- 
cal  pieces  of  wood  of  the  same  size,  and  dried  to 
the  same  degree.  Each  of  these  was  heated  to 
the  same  point  and  suspended  in  a  cold  room. 
The  time  of  cooling  a  certain  number  of  degrees 
was  noted,  and  the  specific  heats  of  the  same  bulk 
of  woods  were  considered  as  proportional  to  these 
times.  And  when  the  times  were  divided  by  the 
specific  gravities,  the  quotients  represented  the 
specific  heats  of  equal  weights.  Professor  Leslie 
extended  this  method  to  liquids  as  well  as  solids. 
It  is  not  only  easier  than  either  of  the  other  two ; 
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chap.  i.    but  likewise  susceptible  of  much   greater  exact- 
ness. 

When  we  take  the  specific  heat  of  solids  in  this 
way,  nothing  more  is  necessary  than  to  have  each 
body  of  the  same  size,  to  measure  the  time  that 
each  takes  to  lose  a  certain  number  of  degrees  of 
temperature,  and  to  divide  this  time  by  the  specific 
gravity  of  each  body.  The  quotient  will  give  the 
specific  heat  of  equal  weights  of  each  body.  But 
when  we  take  the  specific  heat  of  liquids  in  this 
way,  it  is  obvious  that  they  must  be  placed  in  a 
vessel  of  some  kind.  It  will  be  requisite,  by  a 
previous  set  of  experiments,  to  ascertain  the  time 
that  this  vessel  takes  to  cool  the  requisite  number 
of  degrees.  Because  this  quantity  must  be  sub- 
tracted from  every  result,  in  order  to  obtain  the 
true  time  that  the  liquid  took  to  cool.  The  best 
way  is  to  employ  the  same  glass  vessel  in  every 
experiment.  Let  us  suppose  a  glass  vessel  to  take 
5  minutes  to  cool  from  130°  to  80°.  Suppose  it 
filled  with  water  of  130°,  and  when  so  filled  to  take 
40  minutes  to  sink  to  80°.  When  filled  with  sul- 
phuric acid  of  130°,  let  it  take  25 '8  minutes  to 
sink  from  130°  to  80°.  It  is  obvious  that  in  order 
to  get  the  true  times  which  these  liquids  took  to 
cool  50°,  we  must  subtract  from  each  result  the  5 
minutes  occupied  by  the  hot  glass  in  losing  50°  of 
heat.  So  that  equal  bulks  of  water  and  sulphuric 
acid  lose  50°,  the  first  in  35',  the  second  in  20"8. 
The  specific  gravity  of  sulphuric  acid  being  1.847 

we  have  ^°'8     =  1 1  -26.     So  that  if  the  specific  heat 
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of  water  be  35,  that  of  sulphuric  acid  will  be  11.26.    Sect.  in. 
And  35  :  11-26  :  :  1  :  0-32=  specific  heat  of  sul- 
phuric acid,  if  the  specific  heat  of  water  be  1. 

The  following  table  exhibits  the  specific  heats  of 
all  bodies  hitherto  determined,  so  far  as  my  know- 
ledge of  the  subject  extends. 

I.  GASES. 

From  the  experiments  of  Mr.  Haycraft,  and  the  Specific 

•     *  heat  of 

still  more  numerous  experiments  of  Messrs.  Marcet  gases, 
and  Delarive,  it  follows  that  under  the  same  pres- 
sure, the  same  volumes  of  all  gases  have  the  same 
specific  heat.  Consequently  the  specific  heats 
(reckoned  by  weight)  of  all  the  gases  are  inversely 
as  their  specific  gravities.*  Therefore,  if  we  reckon 
the  specific  heat  of  oxygen  gas  1,  which  is  most 
convenient,  the  specific  heats  of  the  gases  are  as 
follows.t 

*  Haycraft's  experiments  were  made  on  carbonic  acid,  oxygen, 
hydrogen,  azote,  coal  gas,  and  air.  Those  of  Marcet  and  Delarive 
on  air,  oxygen,  azote,  hydrogen,  carbonic  acid,  olefiant  gas,  car- 
bonic oxide,  protoxide  of  azote,  deutoxide  of  azote,  sulphuretted 
hydrogen,  ammonia,  sulphurous  acid,  muriatic  acid,  cyanogen. 

\  The  results  obtained  by  Delarocbe  and  Berard,  which  are  of 
too  great  value  to  be  lost  are  as  follows : 

1.  Gases  referred  to  air. 

Specific  heat. 
Same  bulk.  Same  weight. 

Air         .     ,>v*.,  ,  -v  .      1-0000  .  '^^  1-0000 

Hydrogen        .  .   .  0-9033  V  •  v  12-3401 

Carbonic  acid  '.   ;  1-2583  .  p«  0-8280 

Oxygen           .  .   .  0-9765  .  '.>  0-8848 

Azote              .  .  1-0000  '^s*ty»  1-0318 

Oxide  of  azote  .  1-3503  .  ^^  0-8878 

Olefiant  gas  .  1-5530  .  -v  1-5768 

Carbonic  oxide  1-0340  .  .  1-0805 
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Specific  Heat. 

Oxygen  gas         .... 

1 

Hydrogen          .... 

16 

Carbon  vapour            .         -.M^'-'«' 

2-66 

Carburetted  hydrogen       /vu  ^  & 

2-00 

Ammonia          .         .         .       r>]'« 

1-8824 

Steam                 .         .         .      :  .  , 

1-7778 

Phosphorus  vapour 

1-3333 

Phosphuretted  hydrogen 

1-2307 

Hydrocyanic  acid  vapour 

1-1852 

Bihydroguretted  phosphorus 

•1429 

Azotic  gas         r  •  ft  "...    ^  ..,-.  :j. 

•1429 

Olefiant  gas 

•1429 

Carbonic  oxide       '',.". 

•1429 

Deutoxide  of  azote             .      r-  ;V 

•0666 

Sulphur  vapour         .      '';j'    "icl 

1- 

Sulphuretted  hydrogen 

0-94118 

Muriatic  acid 

0-86486 

Carbonic  acid 

0-72727 

Protoxide  of  azote 

0-72727 

Cyanogen         .    .  f',".     "",  '       . 

0-61538 

Tellurium  vapour           l   .  v'   ,  .'  v 

0-5 

Sulphurous  acid 

0-5 

Telluretted  hydrogen 

0-48485 

Gases  referred  to  wafer. 

Q«      U~~A 

op.  neat- 
Same  weight. 

Water 

1*0000 

Air            ..... 

0-2669 

Hydrogen           .      MJ-^-:> 

3.2936 

Carbonic  acid     .         .          .         . 

0-2210 

Oxygen              .         .          .         . 

0*2361 

Azote                 •     ";?>«•*£      . 

0-2754 

Oxide  of  azote            .     f  .      ;  . 

0-2369 

Olefiant  gas      -.  •„•     .          . 

0-4207 

Carbonic  oxide                  f   . 

0-2884 

Aqueous  vapour 

0-8470 
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Gases.  Specific  HeaU.  Sect.  m. 

Fluoboric  acid  .         .         .  0-47059 

Chlorine        ,..-,;       .         .      ;;^  0-44444 

Arsenic  vapour         .         .         ,  0*42105 

Sulphuret  of  carbon  vapour  jo./  0-42105 

Arseniuretted  hydrogen          *•' !••*'»  0-41026 

Sulphuric  acid  vapour  *<'.^  0-4 

Selenium  vapour  .         .  0*4 

Selenietted  hydrogen  !  .1 ! '  0-39024 

Chlorocarbonic  acid          .         .  0-32 

Fluosilicic  acid         .         .         v  0-30769 

Hydriodic  acid         .      <•<'.'• 'tO;f_  0-256 

Iodine  vapour  .         .       '''?'  0-12903 

The  experiments  of  Marcet  and  Delarive  were 
made  under  a  pressure  of  25%59  inches  of  mercury. 
It  appears  from  their  trials,  that  as  the  gas  is  dilated 
the  specific  heat  undergoes  a  slow  diminution ;  as 
will  appear  from  the  following  experiments  which 
they  made  on  common  air.* 

Pressure  in  inches  of  mercury.  Centesimal. 

25-59  the  volume  of  air  heated  6°-33  in  5' 

23-22 6-55  

19-17 6-90  

14-76 7-01 

10-16  — 7-30 

This  is  precisely  what  might  have  been  expected  ; 
though  the  rate  of  diminution  appears  much  slower 
than  could  have  been  anticipated.  This  part  of 
the  subject  still  requires  farther  elucidation.! 

*  Ann.  de  Chim.  et  de  Phys.  xxxv.  28. 

t  The  specific  heat  of  the  gases  has  occupied  the  attention  of 
Dulong  for  a  considerable  time.     He  is  of  opinion  that  the  methods 


SPECIFIC 


Chap.  I. 

II.  SIMPLE  BODIES  AND 

-    -*            '\A7'Afm7'l? 

Sp.  heat. 

fO-0293(c) 

Specific 
heats  of 
other 

W  A  1  Hi 

Water 
Ice 

Sp.  heat. 

1-000 

0-800(a) 

Lead  (sp.  gr.       ! 
11-456) 

0-04(D) 
0-042§ 
0-0352* 

bodies. 

Charcoal 

0-2631* 

0'050f 

Sulphur 

f  0-183f 

4o-188(c) 
£0-19(D) 

Gold  (sp.  gr. 
19-040)           j 

"o-0298(c) 
0-050f 
0-05(D) 

f  0-0290{ 

fO-06(D) 

Mercury 

|  0-0330(c) 
<{  0-033f 

Antimony  (sp.  J  0-063§ 
gr.  6-107)        1  0-0645* 

1  0-0357* 

L0-086f 

LO-0496(D) 

-0-0514(c) 

Platinum 

0-03  14(c) 

0-060§ 

Bismuth  (sp.gr. 
9-861) 

C  0-0288(c) 
]  0-04(D) 
L  0'043§ 

Tin      .         .     < 

0-07(D) 
0-0704* 

hitherto  employed  are  not  sufficiently  delicate  to  decide  the  point. 
He  has  attempted  it  in  the  following  way.  Laplace  demonstrated 
that  the  true  velocity  of  sound  is  obtained  by  multiplying  the  ve- 
locity, as  deduced  from  Newton's  formula,  by  the  square  root  of 
the  ratio  of  the  specific  heat  of  air  under  a  constant  pressure,  to 
its  specific  heat  under  a  constant  volume.  Dulong  endeavoured 
to  ascertain  the  real  velocity  of  sound  in  each  gas.  This  he  com- 
pared conformably  to  the  theory  of  Laplace,  with  that  which  the 
formula  of  Newton  would  indicate.  The  square  of  the  quotient 
obtained  by  the  true  rate  of  sound  in  any  gas  by  its  velocity, 
calculated  from  Newton's  formula,  is  equal  to  the  ratio  of  its 
specific  heat  under  a  constant  volume.  Chladni  had  shown  how  by 
passing  the  different  gases  through  a  tube  like  a  flute,  the  velocity 
of  the  motion  of  sound  in  each  (  might  be  deduced  from  the  nature 
of  the  tone  given  by  each.  Dulong  employed  a  method  suggested 
by  Daniel  Bernoulli ;  but  his  experiments  gave  a  result  with  com- 
mon air  below  the  truth.  However,  the  relative  differences  of  the 
rate  of  sound  in  different  gases,  as  determined  by  these  experi- 
ments, are  accurate.  He  found  the  velocity  of  sound,  per  second, 
in  six  different  gases,  at  32°  Fahrenheit,  as  follows : 
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Sp.  heat. 

Sp.  heat.              s^  in. 

Silver  (sp. 

C0-0557(c) 

Nickel 

>  0-1035(c) 

10-001) 

tO-082§ 

'O-llOO(c) 

fO-0927(c) 

0-126§ 

Zinc  (sp.  gr.       J  0-0943* 

Iron  (sp.  gr. 

0-125f 

7-154) 

]  0-10(D) 

7-876) 

0-1269* 

L0-102§ 

0-13(D) 

Tellurium 

V        0-0912(c) 

wO-143(a) 

Air             .             .              1092-2  feet 

Oxygen      .              .              1040-3 

Hydrogen                 .              4163-9 

Carbonic  acid           .                858-0 

..;*.'•••  • 

Carbonic  oxide         .              1106-7 

Protoxide  of  azote   .                859-0 

Olefiant  gas             .              1029-9 

The  specific  heats  of  these  gases,  deduced  from  these  experiments 
(that  of  air  being  unity),  are  as  follows : 


Aii- 
Oxygen 
Hydrogen  . 
Carbonic  acid 
Carbonic  oxide 
Protoxide  of  azote 
Olefiant  gas 

These  results  agree  better  with  the  statements  of  Delaroche  and 
Berard,  than  with  those  of  Delarive  and  Marcet.  But  the  question 
cannot  yet  be  considered  as  answered.  (See  Ann.  de  Chim.  et  de 
Phys.  xli.  113.)  If  any  confidence  can  be  put  in  the  observations 
of  D along  and  Petit,  respecting  the  relation  between  the  atomic 
weight  and  specific  heat  of  bodies,  noticed  in  page  97  of  this 
work,  then  the  opinion  of  Hay  craft,  and  of  Delarive  and  Marcet, 
must  be  admitted  to  be  erroneous. 


Supposing 
the  volume 
constant. 

Supposing 
the  pres- 
sure con- 
stant. 

1 

1 

1 

1 

1 

1 

1-249 

1-175 

1 

1 

1-227 

1-16 

1-754 

1-531 
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Sp.  heat. 


Sheet  iron    .         0-1099J 

Nitric  acid    9^  ?  n.filoQ 

Gun  metal    .         0-1100|| 

Lime             1     3 

T0-0949(c) 
Copper  (sp.gr.  J  0-11  (D) 
8-784)            1  0-1  14§ 

Ditto  (1-40)          0.62  (D) 
Solution  of  br.  7  Q 
sugar                3 

LO-IHI* 

Ditto  (1-17)           0-77  (D) 

„        ,               CO-ll(D) 
Brass  (sp.gr.     }  Q,u^  ' 

IV.  ACIDS  AND  ALKALIES. 

o.oKfi\              ^  u  110$> 
'              (.0-1123* 

Vinegar          .            0.92(D) 

Cobalt          .         0-1498(c) 

"pale             0-844f 
(1-20)         0-76(D) 

III.  SALINE  SOLUTIONS. 

\                 /                                 \         / 

c  n«Rfii  ^+ 

Carbonate  of  7     0-85  If 

Nitric 
•j     •* 

n-9QftQ^  i     00104: 
B9^0-62(L) 

ammonia      3     0'95(D) 

acid. 

1-30            0-66(D) 

Sulphuret  of      7  Q.gg^, 

(1-355)       0-576f 

Sulphate  of        1 
magnesia      1  >  0-844f 
Water          .  2) 

(1-36)         0-63(D) 
A,     .    .      C(]-122)  0-680f 
Muriatic    [i.153  ;  0.60(D) 

C   1-844        0-35(D) 

Common  salt  1  7 
Water          .   83  °  832+ 

Sulph.   ]                   0-3345J 
^                   0-333(a) 

Ditto  (1-197)        0-78(D) 

Do.  4.  Water  5        0-663  If 

SSL  J?     °-81CT* 

Do.  4.  do.  3              0-6031$ 
Do.  equal  bulks        0'52(D) 

wSL  i}     "646t 

Carbonate  of  7     nprr/-r*\ 
potash  1-305    °'75(D) 
Muriate  of         1 

Acetic  acid  (1.056)  0'66(D) 
Potash  (1-346)          0-759f 
.            (0-997)        C  0-708f 
'  (0-948)        il-03(D) 

ammonia  1      >  0'798f 

V.  INFLAMMABLE  LIQUIDS. 

Water          l'6l 

f(0-817)    0.70(D) 

Tartar           1     7  ^ 

0-6666* 

Water      237  -3  ^  °'734t 

0-64(L)|| 

Sulphate  of        1 

A  1f*nlinl  < 

(absolute)0-62(d) 

iron           1      >•  0-765f 

XXlL'L'llUl  * 

0-602* 

Water           2-5  3 

(0-853)     0-58978H 

Sulphate  of         1 

(0-818)     0-5499311 

soda           1      [  0-728f 

^(•848)         -76(D) 

Water           2-9  3 

r  o-66(D) 

Alum            1     7  O.fi4q, 
Water          2-9S°649t 

Sulph.ether   ^^  j  0-520(d) 
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Oil  of  olives    . 

Linseed  oil 

Spermaceti  oil 
Whale  oil 


Sp.  heat. 

0-718f 
0-50(L) 
0-43849|| 
0-528f 
0-45192|| 
0-5000* 
0-52(D) 
0-5302 
fO-472f 

Oi.  of  turpentine]^) 

L0-33856|| 

Naphtha          .         0-41519JJ 
Spermaceti      .         0-399f 
Ditto  fluid       .         0-320  (a) 

VI.  ANIMAL  FLUIDS. 


Arterial  blood 
Venous  blood 


VII.  ANIMAL  SOLIDS. 

Ox  hide  with  hair  0.7870* 

Lungs  of  a  sheep  0-7690* 

Lean  of  ox-beef  0-7400* 

VIII.  VEGETABLE  SOLIDS. 

Pinus  sylvestris  0*65f 

Pinus  abies      .  0'60f 

Tilea  Europaea  0-62f 

Pinus  picea      .','.  0'58^[ 

Pyrus  malus     .  0'57f 

Betula  alnus    .  0-53f 

Cotton  .  0-53 

Quercus  robur    7  n  ei«r 

sessilis  5 

Fraxinus  excelsior  0-51^ 

Pyrus  communis  0'50^[ 

Rice         .         .  0-5060* 

Horse  beans  0-5020* 


Sp.  heat. 

Dust  of  the  pine?   0.M00. 

tree      .         .      j 
Peas       .         .  0-4920* 

Fagus  Sylvatica        0-49<f[ 
Carpinus  betulus      0'485[ 
Betula  alba     . 
Wheat   . 
Elm    :  "-.  I      . 
Quercus  robur  "> 

pedunculata     3 
Prunus  domesfeica 
Dyaspyrus  ebenum  0'43^[ 
Barley     .         .          0-4210* 
Oats     {-  '<&  '   .[        0-4160* 

Pit- coal 


Sect.  HI, 


0-4770* 

0-471f 

0.45U 
0-44f 


Charcoal 
Cinders 


0-2777* 
0-2631* 
0-1923* 


IX.  EARTHY  BODIES, 
STONEWARE,  AND  GLASS. 

Hydrate  of  lime        0-40(  D) 

Ch*'*  •    •  £SS2 

0-30(D) 

0-2229* 

0-2168$ 

0-1855* 

0-1402* 

0-195§ 

0-1 95f 

0-200(a) 

0-1929t 


Quicklime 

Ashes  of  pit-coal 
Ashes  of  elm    . 
Agate  (2-648)  . 
Stoneware 
Crown  glass 
Crystal 


Swedish  glass(2-386)0-187§ 
Flint  glass 

Glass     H  ^; 
Common  salt 


0-1770(c) 
0-23(D) 


x.  OXIDES. 

Oxide  of  iron  0-320 f 

Rust  of  iron  0-2500* 
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Sp.  heat. 

Rustof  iron  nearly)  ^ 


free  from  air 
White  oxide  of 

antim.  washed 
Do.  nearly  freed 

from  air 
Oxide  of  copper, 

do. 


j 


•220f 

•2272* 

•1666* 


I  0- 


2272 


Oxide  of  lead  and  l 

tin  J 

Oxide  of  zinc,  do. 
Oxide  of  tin  near- " 

ly     freed     from 

air 
Yellow  oxide  of 

lead,  do. 


Sp.  heat. 

0-102f 
0-1369* 

0-0990* 
0-096f 

0-0680* 
0-068f 


Specific 
heat  of 
water. 


We  may  now  enumerate  the  most  important 
general  results  respecting  specific  heats  which  have 
been  hitherto  obtained. 

w  *'  The  specific  heat  of  the  same  weight  of  water 
*s  3*846  times  greater  than  that  of  air,  according 
to  the  experiments  of  Berard  and  Delaroche. 
Hence,  to  reduce  the  specific  heat  of  the  gases  to 
a  state  in  which  they  can  be  compared  with  that  of 
water,  we  must  divide  the  specific  heat  of  each 
given  in  the  table  by  3*846. 

2.  The  specific  heat  of  water  has  been  determined 
in  three  states;  that  of  ice,  of  water,  and  of  steam, 
as  follows  : 


j 


0*8  according  to  Irvine. 

o-9  ---  Crawford. 
Water  1 
Steam  0'847  by  Delaroche  and  Berard. 


No  attempt  has  been  made  to  determine  the  spe- 
cific heat  of  any  other  body  in  its  different  states  of 
solid,  liquid,  and  vapour. 


*  Crawford ;  t  Kirwan  ;  %  Lavoisier  and  Laplace ;  $  Wilcke ; 
^1  Meyer;  (L)  Leslie;  ||  Count  Humford  ;  (D)  Dalton,  New 
System  of  Chemical  Philosophy,  p.  62.  (a)  Irvine,  Essays,  p.  84 
and  88.  (b)  John  Davy,  Phil.  Trans.  1814,  p.  593.  (c)  Dulong 
and  Petit,  Annals  of  Philosophy,  xiii.  164,  and  xiv.  189.  (d) 
Dupretz  Ann.  de  Chim.  et  de  Phys.  xxiv.  328. 
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3.  Of  all  liquids  hitherto  examined,  the  specific  Sect.  in. 
heat  of  water  is  greatest. 

4.  The  specific  heats  of  acid  liquids  are  low.  or  adds. 
All  the  acid  liquids  whose  specific  heats  have  been 
hitherto  tried,  are  in  fact  combinations  of  acids  and 
water.     We  hardly  know  the  specific  heats  of  any 
acids  except  sulphuric  acid,  nitric  acid,  and  muri- 
atic acid  ;  which  are  as  follows  : 

Sp.  gravity,  Sp.  heat. 

Sulphuric  acid         .          1-844         .          0-35 
Nitric  acid       .       V        1*36  .         0-63 

Muriatic  acid  .         1-153         .'        0'60 

Sulphuric  acid  of  1-844  is  a  compound  of  5  real 
acid,  and  1-125  water  by  weight. 

Nitric  acid  of  1*36,  contains  equal  weights  of 
acid  and  water. 

Muriatic  acid  of  1-153,  is  a  compound  of  about 
32  parts  acid,  and  68  parts  water  by  weight. 

The  first  is  a  compound  of  1  atom  acid  +  1  atom  water. 

The  second 1 h  6  atoms  — 

The  third 1 h  9  atoms  

From  this  it  would  seem  that  muriatic  acid  has 
the  smallest  specific  heat,  and  sulphuric  acid  the 
greatest.  But  when  these  acids  are  in  the  state  of 
vapours,  muriatic  acid  has  the  greatest,  and  sul- 
phuric acid  the  highest  specific  heat.  It  is  certain 
from  experiments  made  on  sulphuric  acid,  that  as 
we  dilute  it  with  water,  the  specific  heat  of  the 
liquid  gradually  increases.  This  will  appear  from 
the  following  table. 
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C),ap    j  Atonuofacld.        Atoms  of  water.  Sp.  Heat. 

1          +          1  •  .  0-333 

1          +          4  .  0-520 

1          +          5          •         "•  ;         0-603 
1          +          8  0-663 

We  see,  however,  that  the  rate  diminishes  rapidly. 
Similar  experiments  have  been  made  with  nitric 

acid,  the  results  of  which  may  be  seen  in  the  fol- 

lowing table. 

Sp.  gravity  of  acid.  Constituents  by  weight.  Sp.  Heat. 

1-36  .          1  acid  +  1  water         .  0-63 

1-30  .1  +1-5  .  0-66 

1-20  .          1  +  2-5  '\          0-76 

5.  Nothing  is  known  respecting  the  specific  heats 
of  alkaline   bodies,   or  at  least  nothing  that  can 
be  depended  on. 

6.  The  specific  heats  of  woods  and  oils  approach 
to  about  half  that  of  water.     That  of  animal  bodies, 
is  about  J  of  that  of  water. 

7.  The  specific  heats  of  the  metals  are  lower 
than  of  any  other  bodies.     Platinum  and  mercury 
stand  lowest,  and  iron  is  the  metal  which  has  the 
highest  specific  heat.     But  if  we  were  to  compare 
together  equal  volumes  of  bodies,  the  specific  heat 
of  the  metals  would  of  course  be  greatly  increased. 
Iron  would  have  nearly  as  high  a  specific  heat  as 
water  ;  that  of  mercury  would  be  less  than  0*5. 

Whether        8.  A  good  many  experiments  have  been  made 
increases'*  to  determine  whether  the  specific  heat  of  bodies 

with  the  ,  „  -        , 

tempera-  remains  the  same  at  all  temperatures,  or  whether 
it  increases  as  the  temperature  augments.  This 
curious  question  first  drew  the  attention  of  Dr. 
Irvine,  and  it  was  investigated  with  great  care  by 
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Dr.  Crawford,  who  concluded,  as  Dr.  Irvine  had  s«ct  in. 
done  before  him,  that  as  long  as  a  body  retains  the 
same  state,  its  specific  heat  continues  unaltered. 
Mr.  Dalton,  on  the  contrary,  was  of  opinion  that 
the  specific  heat  of  every  body  increases  with  its 
temperature.  But  the  first  persons  who  established 
the  fact  by  direct  experiments  were  Dulong  and 
Petit.  Their  method  was  to  heat  the  body  under 
examination  to  different  temperatures,  and  then  to 
plunge  it  into  cold  water.  The  change  of  tempera- 
ture in  the  water  enabled  them  to  calculate  the 
heat  which  the  hot  body  had  lost,  and  thence  to 
determine  its  specific  heat.  They  have  not  given 
us  the  details  of  their  experiments;  but  they  assure 
us  that  they  were  made  with  great  care,  and  that 
the  results  are  very  near  the  truth.  They  found 
that  the  specific  heat  of  every  substance  is  greater 
at  high  temperatures  than  at  low  temperatures,  and 
that  it  always  increases  with  the  temperatures. 
Thus  the  specific  heat  of  iron,  at  different  tempera- 
tures, they  found  as  follows  : 

Centigrade.  Fahrenheit.  Sp.  heat. 

From  0°  to  100°  .  32°  to  212°       ,  0-1098 

0    to  200  ;t  32   to  392  ;4  ,_J  0.1150 

0    to  300  ',X  23    to  572  •"*"",  0-1218 

0    to  350  ,.4  32    to  662  ;*T*  0-1255 

The  following  table  exhibits  the  specific  heats  at 
different  temperatures  of  the  other  bodies  tried  by 
them. 

Sp.  heats  between  Sp.  heats  between 

0°  and  100°  cent.  0°  and  300°  cent. 

Mercury         .         0-0330         .         0-0350 
Zinc  .         0-0927         ,         0-1015 

I.  G 
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Chan    I  SP-  heats  between  Sp.  heats  between 

0°  and  100°  cent.  (P  and  300°  cent. 


Antimony       .         0-0507         .         0-0549 
Silver  .         0-0557         .         0-0611 

Copper  .         0-0949      /r  ,       0-1013 

Platinum        .         0-0355     '/••!-       0-0355 
Glass  .         0-1770         .         0-1900* 

Sp.  heat  of      9.  When  two  liquids  combine  together,  the  spe- 

compound  x  ° 

liquids  less  cine  heat  of  the  resulting  compound  is  always  less 
mean.       than  the  mean  of  that  of  the  two  liquids  which 
have  entered  into  combination. 

Suppose  we  mix  together  equal  weights  of  the 
sulphuric  acid  of  commerce  and  water.  It  is  plain 
that  we  form  a  new  liquid  composed  of  the  acid 
and  water  united  together.  If  the  specific  heats 
remained  unchanged,  we  should  obtain  that  of  the 
compound,  by  taking  the  mean  of  the  specific  heats 
of  the  constituents. 

Sp.  heat  of  acid    0-33 

water  1-00 

2  |l-33 

Mean     '.         .   0-66 

The  mean  specific  heat  is  0-66;  but  the  specific 
heat  of  the  compound  is  considerably  less. 

Though  the  weights  of  the  two  liquids  united  be 
unequal,  this  does  not  prevent  us  from  determining 
the  mean  specific  heat  of  the  compound.  In  such 
a  case,  we  must  multiply  the  weight  of  each  liquid 
by  its  specific  heat,  add  the  two  products  together, 
and  divide  the  sum  by  the  weight  of  the  two  liquids 
previously  added  together.  The  quotient  will  be 
the  mean  specific  heat  of  the  compound. 

*  Annals  of  Philosophy,  xiii.  167. 
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Thus  a  mixture  of  1225  parts  of  sulphuric  acid  Sect' I1L 
by  weight,  and  675  parts  of  water,  has  a  specific  " 
heat  of  0'52.     Suppose  we  wish  to  determine  its 
mean  specific  heat  we  proceed  thus  : 
1225  x  0-33  =  408 
675  X  1        =  675 

1900  1900)1083(  0-57  =  mean  specific 
heat.  But  the  real  specific  heat  is  only  0-52,  or 
about  Tloth  less  than  the  mean. 

Dr.  Irvine  made  use  of  this  diminution  of  the  why  heat 

•  /»       i  i  •        •  i  •  's  evolved 

specific  heat,  when  two  liquids  combine  to  explain  when 

•  i'iii  1  liquids  are 

a  phenomenon,  which  almost  always  occurs  when  mixed, 
different  liquids  are  mixed  together;  namely,  an 
increase  in  the  temperature  of  the  mixture.  This 
increase  is  often  small,  as  when  water  and  strong 
spirits  are  mixed  together.  Boerhaave  mixed  to- 
gether two  ounces  of  water  and  two  ounces  of 
alcohol,  each  at  the  temperature  of  44°,  the  tem- 
perature after  mixture  was  62°.  But  sometimes 
the  increase  of  temperature  is  very  considerable. 
Boyle  observed,  that  when  one  part  of  sulphuric 
acid  is  mixed  with  three  or  four  parts  of  water, 
a  very  great  increase  of  temperature  takes  place  ; 
which,  however,  he  did  not  know  how  to  estimate. 
I  find  that  when  4  parts  of  sulphuric  acid,  and 
1  part  of  water,  both  at  50°,  are  mixed  together, 
the  temperature  rises  to  about  300°.  If  we  take 
equal  volumes  of  sulphuric  acid  and  water,  the 
thermometer  rises  from  57°  to  212°.  In  like  man- 
ner when  strong  nitric  acid  and  water  are  mixed 
together,  a  considerable  increase  of  temperature 
takes  place.  Muriatic  acid  contains  too  much 
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chap.  i.  water  to  enable  us  to  observe  a  similar  phenomenon 
"  with  it.  But  when  a  current  of  muriatic  acid  gas 
is  made  to  pass  through  water,  I  have  frequently 
observed  the  temperature  rise  so  high,  that  I  could 
not  apply  my  hand  to  the  glass  vessel  containing 
it,  without  a  sensation  of  pain  from  the  heat  com- 
municated. 

Dr.  Irvine  first  accounted  for  this  evolution  of 
heat,  by  ascribing  it  to  the  diminution  of  the  spe- 
cific heat.  In  consequence  of  this  diminution,  it  is 
obvious  that  the  quantity  of  heat  contained  in  the 
liquid,  will  go  farther  in  heating  the  mixture,  than 
it  did  in  heating  the  separate  constituents.  Conse- 
quently the  temperature  must  rise,  and  the  augmen- 
tation will  be  exactly  proportional  to  the  diminu- 
tion of  specific  heat. 

modeof  ^r*  ^rvme  was  no^  satisfied  with  this  explana- 
reaTzl-o116  ^on>  wn^cn  ^  confined  within  proper  limits,  will  be 
allowed  to  be  satisfactory.  He  advanced  a  step 
farther,  and  endeavoured  to  deduce  from  the 
change  in  the  specific  heat,  and  the  augmentation 
of  temperature  which  takes  place  when  liquids  are 
mixed,  the  absolute  quantity  of  heat  which  such 
liquids  contained.  Dr.  Irvine's  mode  of  reasoning 
will  be  easily  understood,  from  the  following  ex- 
ample. 

Let  the  specific  heat  of  water  =  1 

• of  sulphuric  acid      0*333 

: of  a  mixture  of 

equal  volumes  of  acid  and  water  =  0'52 

When  equal  volumes  of  sulphuric  acid  and  water 
are  mixed  together  in  a  glass  vessel,  the  ther- 


HEAT.  85 

mometer  rises  from  57°  to  212°,  or  there  is  an  in-  s*6*- IIL 


crease  of  temperature  amounting  to  155°. 

According  to  Dr.  Irvine,  this  evolution  of  heat 
is  the  consequence  of  the  diminution  of  the  specific 
heat  of  the  bodies  which  have  united  together. 
It  is  that  portion  of  the  whole  heat  indicated  by 
the  diminution  of  the  specific  heat.  The  specific 
heat,  had  no  diminution  taken  place,  would  have 
been  0'57.  Being  only  0-52,  a  diminution  amount- 
ing to  about  Toth  has  been  experienced.  Conse- 
quently 155°  is  T\jth  of  the  whole  heat  contained 
in  the  bodies  before  mixture.  Hence  the  real 
zero,  or  the  place  at  which  a  thermometer  would 
stand,  could  it  be  applied  to  a  body  destitute  of 
all  heat,  is  1550°  below  57,  or  1493°  below  the 
commencement  of  Fahrenheit's  scale. 

Dr.  Irvine,  from  data  with  which  I  am  unac- 
quainted, placed  the  real  zero  900°  below  the  com- 
mencement of  Fahrenheit's  scale.  And  his  son 
informs  us,  that  the  same  point  very  nearly  was 
obtained  by  experiments  made  in  a  great  variety  of 
ways,  and  with  very  different  liquids.  Dr.  Craw- 
ford, from  experiments  made  by  himself,  and  from 
a  variety  of  well  conducted  experiments  by  Pro- 
fessor Gadolin,  fixed  the  point  of  real  zero  at  1500 
below  0°. 

In  the  present  state  of  our  knowledge  of  heat,  it 
is  needless  to  discuss  this  subject.  As  the  specific 
heats  of  bodies  are  not  permanent,  but  increase 
with  their  temperature,  it  is  clear  that  no  conclu- 
sion can  be  drawn  with  respect  to  the  real  zero, 
from  any  change  of  specific  heat  produced  by 
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chap.  i.  mixing  liquids  and  the  consequent  increase  of  tem- 
perature ;  unless  we  know  the  rate  at  which  the 
specific  heat  increases  with  the  temperature.  For 
any  thing  that  we  know  to  the  contrary,  the  spe- 
cific heat  of  water  and  sulphuric  acid  at  the  real 
zero  may  not  be  half  what  it  is  at  57°. 

It  is  obvious  that  in  all  cases,  when  heat  is  evolved 
by  mixing  two  liquids  together  there  exists  an 
affinity  between  them,  and  when  mixed  they  enter 
into  a  chemical  combination.  Now  it  is  very  sel- 
dom that  bodies  unite  chemically,  without  under- 
going a  change  in  their  volume.  Sometimes  the 
bulk,  after  union,  increases  j  but  most  commonly 
it  diminishes.  In  the  first  case  the  atoms  of  which 
the  bodies  are  composed,  separate  to  a  greater  dis- 
tance than  before  their  union ;  in  the  second  case 
they  approach  nearer  each  other.  In  the  case  of 
expansion  we  would  expect  a  diminution  of  tem- 
perature :  in  the  case  of  contraction  an  increase. 
There  can  scarcely  be  a  doubt  that  these  alterations 
salts.  -n  temperature  take  place  in  almost  all  chemical 
combinations,  though  other  circumstances  frequent- 
ly accompany  these  combinations,  which  prevent  us 
from  perceiving  the  alteration  of  temperature  pro- 
duced by  the  combination.  For  example,  when 
salts  are  dissolved  in  water,  the  density  of  the 
compound  is  almost  always  greater  than  the  mean. 
Heat,  therefore,  should  be  evolved.  But  in  most 
cases  we  are  prevented  from  perceiving  any  aug- 
mentation of  temperature  by  the  liquefaction  of 
the  water  of  crystallization,  which  most  salts  con- 
tain. When  the  quantity  of  this  water  of  crys- 
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tallization  is  considerable,  the  heat  necessary  for  its  sect- 
liquefaction  is  so  great  that  a  considerable  diminu-  " 
tion   of  temperature   takes  place.      I   select  the 
following  experiments  which  I  made  many  years 
ago,  to  satisfy  myself  what  change  in  the  real  den- 
sity of  the  compound  takes  place  even  in  those 
salts,  which  occasion  sensible  cold  by  their  solution 
in  water. 


Salt  in  crys- 
tals. 

Sp.  gravity 
of  salt. 

Salt  dis- 
solved. 

In  grains  o 
water. 

Sp.  gr.  of 
solution 

Mean  gra- 
vity. * 

Difference 

Carbonate 

grains. 

of  soda 

1-624 

300 

1000 

1-0880 

1-0973 

—0-0093 

Sulphate 

of  soda 

1-3497 

299 

1000 

1-0908 

1-0634 

+  0-0274 

Sulphate 

of  iron 

1-8 

300 

1000 

1-1313 

1-1142 

+  0-0171 

Sulphate 

of  mag- 

nesia 

1-862 

300 

1000 

1-1206 

1-1197 

+  0-0009 

In  all  these  solutions,  a  contraction  takes  place, 
except  in  the  case  of  carbonate  of  soda,  where  there 
is  an  expansion.  When  these  salts  are  dissolved 
in  water,  cold  is  produced.  But  the  diminution  of 
temperature  depends  as  much  upon  the  rapidity  of 
the  solution  as  upon  any  thing  else.  But  the . 

*  The  method  of  calculating  the  mean  specific  gravity  of  two 
bodies,  or  the  specific  gravity  of  a  compound,  supposing  that  no 
change  of  volume  takes  place,  and  that  we  know  the  specific  gra- 
vity of  each  of  the  constituents  is  as  follows. 

Let  the  two  bodies  uniting  be  A  and  B.     Let  S  =  specific 
gravity  of  A,  W  =  its  weight.   Sf  =  specific  gravity  of  B.    W  =z 
its  weight,  then  the  mean  specific  gravity  of  the  compound  is 
(W+W)  S  S' 
W  S'+W'S 
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chap.  i.  greatest  cold  is  produced  by  the  solution  of  car- 
~  bonate  of  soda,  in  which  there  is  expansion  instead 
of  contraction.  The  following  table  shows  the 
diminution  of  temperature  which  takes  place,  when 
300  grains  of  each  of  the  preceding  salts  in  the 
state  of  powder,  but  retaining  their  water  of  crys- 
tallization or  thrown  into  1000  grains  of  water  and 
stirred  with  a  thermometer  as  long  as  the  temper- 
ature continues  to  sink. 


Heat  from 
anhydrous 


Temperature  of 
water  before 
adding  the  salts. 

Ditto  after  agi- 
tation. 

Diminution  of 
temperature. 

Carbonate  of  soda 

59° 

43° 

16° 

Sulphate  of  soda 
Sulphate  of  mag- 
nesia 

57-5 
56-5 

45-5 
51 

12 
5-5 

Protosulphate  of 
iron 

58 

53-5 

4-5 

When  these  salts,  in  an  anhydrous  state,  are 
thrown  into  water,  the  temperature  rises.  Thus, 
300  grains  of  anhydrous  carbonate  of  soda,  thrown 
into  1000  grains  of  water,  and  stirred,  elevated  the 
temperature  of  the  solution,  from  57°-5  to  79°-5, 
or  22  degrees.  The  salt  was  nearly,  though  not 
completely,  dissolved.  The  specific  gravity  of  an- 
hydrous carbonate  of  soda,  is  2-640,  and  the  specific 
gravity  of  a  saturated  solution  at  80°  of  this  salt,  is 
1-2291,  and  it  is  a  compound  of  1000  water 
+  292-3  salt,  or  at  80°,  100  water  dissolved  29*23 
of  the  anhydrous  salt.  In  this  case,  there  is  a  great 
diminution  of  volume  for  the  specific  gravity,  sup- 
posing no  alteration  in  volume,  should  be  1-1636. 
The  contraction  amounts  to  0*0555.  Three  him- 
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dred  grains  of  anhydrous  sulphate  of  soda  being  Sect.  in. 
thrown  into  1000  grains  of  water  at  6l°%5,  the  tern-  "" 
perature  rose  to  6«5°-5  or  4°.     It  continued  long 
at  that  temperature.    Much  of  the  salt  remained  un- 
dissolved.    The  specific  gravity  of  the  solution  was 
1*1549.      It   consisted   of  1000   grains   of  water 
holding  in   solution  164-84  grains   of  anhydrous 
salt.     The  mean  specific  gravity  is  1-0934.     The 
volume  therefore  has  contracted. 

M.  Kupffer  has  recently  determined  experimen- 
tally the  change  of  volume  which  takes  place, 
where  lead  and  tin,  mercury  and  tin,  and  mercury 
and  lead,  are  alloyed  in  various  proportions.  He 
found  the  specific  gravity  of  the  metals  which  he 
employed  as  follows  : 

Lead,       ....         11-3308 
Tin,         .         .         .         .  7-2911 

Mercury,         .         .         .         13-5886 

at  the  temperature  of  39°*38,  the  point  of  maxi- 
mum density  of  water. 


Alloy  of 
Tin.               Lead. 

Specific  gravity 
of  the  Alloy. 

Mean  specific 
gravity  of  the 
two  metals. 

Difference. 

1  atom,   1  atom. 

9-4263 

9-4366 

—  0-0103 

1              2 

10-0782 

10-0936 

—  0-0154 

I             3 

10-3868 

10-4122 

—  0-0254 

1              4 

10-5551 

10-6002 

—  0-0431 

2              1 

8-7454 

8-7518 

—  0-0064 

3              1 

8-3914 

8-3983 

—  0-0069 

4              1 

8-1730 

8-1826 

—  0-0096 

5              1 

8-0279 

8-0372 

—  0-0093 

6              1 

7-9210 

7-9326 

—  0-0116 

Density  of 
alloys  of  tin 
and  lead. 


The  specific  gravity  is  always  less  than  the  mean. 
These  metals,  therefore,  dilate  when  they  combine. 
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chap.  i.  The  dilatation  is  least  between  the  alloy  of  2  atoms 
tin  +  1  atom  lead,  and  the  alloy  of  3  atoms  tin 
•+-  1  atom  lead.  M.  Kupffer  found  that  an  alloy  of 
gg-  atoms  tin  +  1  atom  lead,  neither  undergoes 
contraction  nor  dilatation,  but  is  precisely  the  mean 
of  that  of  the  two  metals  alloyed. 

The  following  table  exhibits  the  specific  gravity 
of  the  amalgams  of  tin  : 


Of  amal- 
gams of  tin. 


Of  amal- 
gams of 
lead. 


Amalgams  of 
Tin.             Mercury. 

Specific  gravity 
of  alloy. 

Mean  specific 
gr.  of  metals. 

Difference. 

1  atom,     1  atom. 

11-3816 

11-3480 

+  0-0336 

2  atoms,    1 

10-3447 

10-2946 

+  0-0501 

4                1 

9-3185 

9-2658 

+  0-0527 

6                I 

8-8218 

8-7635 

+  0-0583 

Here  the  specific  gravity  is  always  above  the 
mean,  so  that  the  metals  when  they  unite,  diminish 
in  volume,  and  this  diminution  increases  as  the 
quantity  of  tin  increases. 

The  following  table  exhibits  the  specific  gravity 
of  various  amalgams  of  lead. 


Volumes  of 
Lead.         Mercury. 

Specific  gravity. 

Mean  gravity. 

Difference. 

1      +     4 

13-1581 

13-3116 

+  0-0465 

1      +     3 

13-0397 

13-0003 

+  0-0394 

1      +     2 

12-8648 

12-8147 

+  0-0501 

Here  also  the  volume  diminishes  when  the  two 
metals  combine ;  and  the  alloy  composed  of  1 
volume  lead,  and  8  volumes  mercury,  undergoes 
the  least  contraction.* 

The  alteration  in  volume  which  takes  place  when 
bodies  unite  together,  and  the  quantity  of  heat 
evolved,  or  absorbed  during  the  union,  when  studied 
with  more  accuracy  than  they  have  hitherto  been, 

*  Aim.  do  Chim.  et  de  Phys.  xl-  286. 
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will  doubtless  furnish  most  important  data  for  inves-  Sect,  in, 
tigating  the  nature  of  affinity,  and  for  determining 
the  difference  in  the'  intensity  of  this  force  in  dif- 
ferent combinations.     I  shall  therefore  give  a  few 
more  examples. 

(1.)  The  combinations  of  the  metals  with  sulphur 
are  all  definite,  and  generally  intimate.  In  all  cases 
hitherto  examined,  these  combinations  are  accom- 
panied by  a  diminution  in  bulk,  which  in  some 
cases  is  very  considerable.  The  following  table 
exhibits  the  composition  and  specific  gravity  of  some 
of  these  sulphurets. 


Metals. 

Sp.gr. 

Atomic 
Weights. 

Iron 

7-8 

3-5 

Zinc 

6-861 

4-25 

Lead 

11-357 

13 

Copper 

8-9 

4 

Bismuth 

9-833 

9 

Silver 

10-474 

13-75 

Mercury 

13-568 

25 

Sulphur 

2-086 

2 

Names  of  sulphurets. 

Constituents. 
Metal.                Sulphur. 

Sp.gr. 

Ditto  by 
calculation. 

Difference. 

Protosulphuret 

of  iron 

1  atom  +  1  atom 

4-518 

4-344 

0-174 

Bisulphuret  of 

iron 

I            +  2 

4-83 

3-1695 

1-6605 

Sulphuret  of  zinc 

1            +1 

4-044 

3-960 

0-084 

(Sulphuret  of  lead 

1             +1 

7-602 

7-115 

0-487 

Disulphuret  of 

copper 

2            +  1 

5-792 

5-383 

0-309 

Sulphuret  of 

bismuth 

I            +  1 

7-591 

6-647 

0-943 

Bisulphuret  of 

mercury 

1            +  2 

7-780 

7-730 

0-056 

Sulphuret  of 

silver 

1            +1 

7-2 

6-9176  0-2824 

Of  sulphu- 


rets. 
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chap.  i.  The  most  remarkable  of  these  compounds  is  the 
bisulphuret  of  iron,  which  is  composed  of  1  atom 
iron  +  C2  atoms  sulphur.  When  iron  combines 
with  sulphur  atom  to  atom,  the  specific  gravity  is 
considerably  above  the  mean,  being  4-518.  Now 
when  sulphur  which  has  a  specific  gravity  of  2-086, 
combines  in  a  sulphuret  having  a  sp.  gravity  more 
than  double,  one  would  expect  that  the  specific 
gravity  of  the  compound  should  diminish.  It 
comes  out  by  calculation  only  3-4465  :  but  is 
really  4-83;  so  that  the  specific  gravity  has  increased 
almost  fths. 

(2.)  Oxygen  being  in  a  gaseous  state  and  metals 
solid,  we  cannot  so  well  determine  the  diminution 
of  bulk  which  takes  place  when  they  combine. 
Yet  as  the  oxygen  is  condensed  into  a  solid  in  all 
of  these  compounds,  we  have  it  in  our  power  at 
least  to  observe  the  comparative  condensation, 
which  may  suggest  some  useful  ideas.  I  shall 
therefore  give  the  following  examples  of  these  com- 
binations. 


Oxides. 

1  Protoxide  of  lead 

2  Red  lead      . 

3  Peroxide  of  lead 
Peroxide  of  tin     . 

1  Red  oxide  of  copper 

2  Black  oxide  of  copper 
Oxide  of  bismuth 

1  Black  oxide  of  mercury 

2  Red  oxide  of  mercury 
Oxide  of  silver      *.  ?> 
Chloride  of  silver 
Oxide  of  nickel 


If  we  reckon  the  specific  gravity  of  water  unity 


Composition. 

13  lead 
13 

+  1  oxygen 
+  1-5 

13 

+      2 

7-25  tin 

+      2 

8  copper 
4 

+       1 

+       1 

. 

9  bismuth 

+       1 

F 

25  mere. 

4-      1 

25 

+      2 

t 

13-75  silver 

+      1 

a 

13-75 

-j-  4-5  chlorine 

. 

3-25  nickel 

+       1  oxygen. 
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the  specific  gravity  of  oxygen  gas  and  chlorine  gas  s***-  ni- 
referred  to  water  is 


Oxygen 
Chlorine 


0-0013723 
0-00308325 


OXIDES. 

Sp.  gravity. 

Sp.  gr.  by  calcu- 
lation, supposing 
no  condensation. 

Density,  sup- 
posing the 
calculated 
density  to 
bel. 

Protox.  of  lead 
Red  lead 
Peroxide  of  lead 

9-277 
9-096 

8-902 

0-019136 
0-013068 
0-010261 

48-469 
69-605 
86-755 

Peroxide  of  tin 

6-97 

0-006342 

109-90 

Red  oxide  of  copper 
Black  oxide  of  do. 

6-093 
6-401 

0-012308 
0-006857 

49-619 
93-477 

Oxide  of  bismuth     . 

8-211 

0-013674 

60-049 

Black  oxide  of  mercury 
Red  oxide  of        do. 

10-69 
11-085 

0-035590 
0-018502 

30-036 
59-913 

Oxide  of  silver 
Chloride  of  do. 

7-143 
5-129 

0-020158 
0-012436 

35-435 
41*243 

Peroxide  of  nickel    . 

4-846 

0-005829 

83-133 

Of  oxides. 


The  last  column  of  this  table  enables  us  to  com- 
pare the  increase  of  density  which  these  combina- 
tions undergo  with  each  other.  We  observe,  con- 
trary to  what  might  have  been  expected,  that  the 
density  increases  with  the  quantity  of  oxygen  added. 
This  holds  in  the  case  of  lead,  copper,  and  mer- 
cury. It  held  also  in  the  case  of  sulphur,  in  the 
former  table.  It  would  seem  then  to  be  a  general 
law,  that  the  diminution  of  volume  increases  in 
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Chap.  i.   proportion  to  the  quantity  of  the  lightest  substance 
~~  added   to   the   compound.     Yet    these  additional 
doses  of  oxygen  are  more  easily  expelled  by  heat, 
than  the  portion  which  constitutes  the  protoxide. 

The  increase  of  density  differs  in  every  one  of 
these  examples.  It  is  greatest  in  the  peroxide  of 
tin,  and  black  oxide  of  copper,  which  are  both 
difficult  of  decomposition  by  heat ;  though  I  have 
converted  black  oxide  of  copper  into  red  oxide  by 
an  intense  heat.  The  most  easily  decomposed 
oxide  in  the  table,  is  the  black  oxide  of  mercury, 
and  its  increase  of  density  is  the  least.  Red  oxide 
of  mercury  resists  decomposition  better,  and  its 
increase  of  density  is  greater.  Oxide  of  silver  is 
also  easily  decomposed  by  heat,  and  its  increase  of 
density  is  comparatively  low. 

We  ought  to  be  cautious  in  drawing  conclusions 
from  such  tables,  till  the  specific  gravity  of  the 
metallic  oxides  be  determined  with  more  precision 
than  has  hitherto  been  done.  I  have  observed  that 
the  specific  gravity  of  black  oxide  of  copper  increases 
the  oftener  it  has  been  exposed  to  a  red  heat.  The 
same  thing  perhaps  may  hold  with  the  other  oxides, 
such  of  them  at  least  as  may  be  exposed  to  such  a 
process. 

'  There  *s  an°tner  general  principle  respecting 
specific  heat  of  bodies,  which  was  investigated 
with  much  ingenuity  by  Dr.  Irvine,  and  which  de- 
serves to  be  explained  in  consequence  of  the  great 
importance  attached  to  it,  and  the  many  ingenious 
theories  founded  upon  it.  According  to  Dr.  Irvine, 
when  a  body  changes  its  state  its  specific  heat 
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changes  at  the  same  time,  and  it  changes  according  Sect  in. 
to  a  law,  which  may  be  thus  expressed — when  a 
solid  becomes  a  liquid,  its  specific  heat  increases, 
when  a  liquid  becomes  an  elastic  fluid,  its  specific 
heat  increases.  On  the  other  hand,  when  an  elastic 
fluid  is  converted  into  a  liquid,  its  specific  heat 
diminishes,  and  when  a  liquid  is  converted  into  a 
solid,  its  specific  heat  diminishes. 

It  is  a  curious  circumstance,  that  though  Dr. 
Irvine  deduced  from  this  law,  an  ingenious  explan- 
ation of  fluidity  and  vaporization,  he  never  appears 
to  have  attempted  to  ascertain  whether  the  law  holds 
in  other  bodies  besides  water.  The  same  remarks 
applies  to  his  son,  Dr.  W.  Irvine,  and  to  Dr.  Mur- 
ray of  Edinburgh,  both  of  whom  adopted  the  gen- 
eral law  as  a  fundamental  principle,  and  employed 
it  to  explain  the  nature  of  fluidity  and  vaporization. 
We  have  here  an  example  of  the  great  propensity 
of  mankind  to  deduce  general  principles  from  a 
very  limited  set  of  facts  ;  and  of  the  zeal  with  which 
such  general  principles  may  be  maintained,  with- 
out any  attempt  to  increase  the  number  of  facts  on 
which  these  general  principles  are  founded. 

Supposing  that  Dr.  Irvine's  fact,  that  the  specific 
heat  of  water  is  greater  than  that  of  ice,  and  that 
of  steam  greater  than  that  of  water,  be  correct ; 
surely  it  is  rather  rash  to  infer  that  the  same  must 
hold  good  with  every  other  body  in  nature  ;  other 
substances  of  easy  fusion  might  have  been  tried, 
such  as  tallow,  wax,  spermaceti,  phosphorus,  and 
sulphur ;  yet,  strange  as  it  may  appear,  we  know 
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chap.  i.  nothing  whatever  respecting  the  specific  heats  of 
these  bodies  in  a  state  of  fusion. 

According  to  Dr.  Irvine,  the  specific  heat  of  ice 
is  0-8 ;  according  to  Dr.  Crawford  it  is  O9  ;  that 
of  water  being  1O.  Dr.  Crawford  made  the  spe- 
cific heat  of  steam  1*5,5. 

No  attempts  have  been  made  by  any  modern 
chemist  to  determine  the  specific  heat  of  ice.  But 
the  specific  heat  of  steam  has  been  determined  by 
Delaroche  and  Berard  to  be  0-847,  that  of  water 
being  1.  It  is  therefore  less  than  that  of  water, 
instead  of  greater,  as  Dr.  Irvine  supposed.  Thus 
it  appears  that  Dr.  Irvine's  principle,  so  far  from 
being  general,  does  not  hold  even  in  the  case  of 
water,  the  only  substance  on  which  it  was  founded. 
We  cannot  therefore  hesitate  to  reject  the  supposed 
general  law  altogether,  as  inconsistent  with  the 
phenomena  of  nature.  The  formulas  therefore 
employed  by  Irvine  and  Crawford  to  determine 
the  point  of  the  real  zero,  by  means  of  this  general 
principle,  require  no  discussion. 

H*  An°ther  general  principle  has  been  deduced 
from  ^e  exPeriments  of  Crawford,  namely,  that 
the  specific  heats  of  bodies  are  usually  increased 
when  they  are  united  to  oxygen.  But  the  truth 
of  this  general  principle  is  very  doubtful. 

Water,  for  example,  is  a  compound  of  8  parts  by 
weight  of  oxygen  and  1  of  hydrogen.  The  mean 
specific  heat  of  such  a  compound  is  2*66,  that 
of  steam  is  only  1*78,  and  that  of  water  2'2,  which 
is  less  than  the  mean. 
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In  like  manner  the  mean  specific  heats  of  car-  Sect.  in. 

bonic  oxide  and  carbonic   acid,   calculated  from 

those  of  their  constituents  should  be, 

Carbonic  oxide  .          U,  1-714 

Carbonic  acid  .  .  1'454 

Their  true  specific  heats  are  much  less,  namely, 
Carbonic  oxide  .  .  1*143 

Carbonic  acid  .  .  0*727 

The  law,  however,  holds  in  certain  metallic  oxides 
according  to  the  experiments  of  Dr.  Crawford,  as 
will  appear  from  the  following  table. 

Specific  heat. 
By  calculation.  By  experiment.          Excess. 

Peroxide  of  iron        .  0-156  .  0.32  .  £ 

zinc        .  0-12  .  0-137  .  £ 

copper    .  0-17  . ..  0-227  .  £ 

Protoxide  oflead  v^  J  0-044  ^.  0-068  .  £ 

But  the  great  inequality  in  the  excess  renders 
the  accuracy  of  these  results  more  than  doubtful. 


P 

There  is  another  very  important  point  con- The  pro- 

J.  .    .  r  -    r  .        .  duct  of  the 

atomic 
weight  by 
the  specific 

~*  &  "  heat  a  con- 

multiply  the  atomic  weight  or  a  body  by  its  spe-  stant  quan. 
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nected  with  specific  heat,  which  was  first  noticed  atomw 
by  Dulong  and  Petit.     According  to  them  if  you  the  specie. 

^  &  *          heat  a  con- 
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cific  heat,  the  product  is  a  constant  quantity.  The 
following  table  will  enable  us  to  judge  how  far  this 
observation  is  entitled  to  rank  as  a  general  law. 

Atomic  Weight  Specific  Heat.  Product 

Mercury  .  25  .  XO-03  .;  =0-75 

Gold  .  25  .  XO-03  'V*  =0-75 

Silver  .  13-75  .  X  0-0557  .  =  0-7658 

Lead  .  13  .  X  0-0293  .  =0-3809 

Platinum  12  X  0-0314  =0.3768 


I.  H 


Atomic  Weight. 

9 

Specific  Heat. 

X  0-0288     . 

Product. 

=  0-2593 

7-25 

. 

X  0-0514     . 

=  0-3726 

5-5 

. 

xo-oe    ?-yte 

=  0-3300 

4-25 

. 

X  0-0927     . 

=  0-3939 

4 

. 

X  0-0949     . 

=  0-3796 

3-5 

. 

XO-ll      :rjp.cf 

=  0-3850 

2 

, 

XO-19 

=  0-3800 
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Bismuth      £ 

Tin  lji 

Antimony 

Zinc 

Copper 

Iron 

Sulphur 

On  inspecting  this  table  it  is  obvious  that  the 
first  three  products  are  each  twice  as  great  as  the 
rest.  The  mean  product  of  the  atomic  weight 
into  the  specific  heat  (omitting  bismuth  because  it 
deviates  too  far)  is  0*376. 

It  is  not  improbable  that  I  may  have  rated  the 
atomic  weights  of  mercury,  gold,  and  silver,  twice 
as  high  as  they  ought  to  be.  On  that  supposition 
it  would  follow  that  the  specific  heat  of  every 
body  is  inversely  as  its  atomic  weight.  This  propo- 
sition is  more  likely  to  be  true,  because  we  know 
that  it  holds  with  respect  to  gaseous  bodies.  This 
law,  if  we  suppose  it  to  hold,  would  give  us  an 
easy  method  of  determining  the  specific  heats  of 
all  bodies.  We  have  only  to  divide  0-876  by  the 
atomic  weight  of  the  body,  the  quotient  will  be 
the  specific  heat  required.  The  following  table  ex- 
hibits a  few  specific  heats  determined  in  this  way. 


Sp.  Heats. 

SP.heatsof               Carbon  .^.  >;  ,  0-5 

somesimple                    Phosphorus  ->.TJ  .  .  0*25 
bodies. 

Sulphur  .  .  .  0-188 

Selenium  .  .  .  0-75 

Arsenic  .  .  .  0-079 

Tellurium  0-094 
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Sp.he.t.  Sect.  III. 

Iodine  .  .             .  0-0235 

Potassium  .  <  '    .  0-075 

Sodium  .  .  -  *  0-125 

Lithium  .  .  '-•*>  0*5 

Borium  .  .  !  ^  0-043 

Strontium  .  .             v:i  0-068 

Calcium  .  .              .  0-15 

Magnesium  .  .             .  0-25 

Silicon  .  .             .  0-376 

It  would  be  easy  to  extend  this  table  at  pleasure. 
The  probability  is  that  it  exhibits  results  exceedingly 
near  the  truth. 

The  following  table,  in  which  the  specific  heats 
of  the  bodies  given  in  pages  97>  98,  are  rectified  on 
the  supposition  that  they  are  inversely  as  the 
atomic  weights,  show  how  very  nearly  they  agree 
with  the  specific  heats  actually  found  by  experi- 
ment. 

Specific  Heats. 

By  experiment. 

0-03 

•  „  «  0-03 

,   V  0-0557 

.  '  >  f  0-0293 

.  -0  0-0314 

,  S(f-<  0-0288 

>   -.. '':.  0-0514 

;   *   o-oe 

.,  ..  ^  S.,1   0-0927 

« '•',  <* :']  0-0949 
••  '"'.•„  °'n 

0-19 


Mercury, 

By  calculation. 

0-03 

Gold, 

0-03 

Silver, 

0-0557 

Lead, 

^S       0-0288 

Platinum, 

V.   :      0-0313 

Bismuth, 

,  -J      0-0417 

Tin, 

5.1       0-0518 

Antimony, 

0-0680 

Zinc, 

0-0884 

Copper, 

0-0940 

Iron 

0-1074 

Sulphur, 

0-1880 
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SECTION  IV. 
OF  THE  CELERITY  OF  THE  COMMUNICATION  OF  HEAT. 

**  ^  *s  generalty  admitted  that  heat  is  disposed 
bodies  with  to  enter  into,  or  to  leave  the  different  kinds  of  mat- 

tn6  SRIY16 

velocity.  ter  with  the  same  degree  of  celerity.  This  is  the 
foundation  of  the  mode  of  determining  the  specific 
heat  of  bodies,  by  the  time  which  they  take  in 
cooling.  For  it  is  obvious,  that  unless  heat  separ- 
ate from  every  body,  with  the  same  celerity,  we 
never  can  judge  of  the  quantity  of  heat  which  each 
contains  under  the  same  temperature  by  this  method. 
But  if  heat  leave  every  body  with  the  same  celerity, 
then  that  body  will  be  the  longest  in  cooling  which 
contains  the  most  heat,  and  consequently  has  the 
greatest  quantity  to  lose.  In  this  way,  the  specific 
heats  of  various  metals,  woods,  arid  liquids,  have 
been  determined,  and  the  results  agree  with  expe- 
riments made  in  a  different  way.  So  far  as  we 
know  at  present,  there  is  no  exception  to  this  gen- 
eral law. 

conduction  g.  When  a  body  of  some  length  is  applied  to  a 
through  source  of  heat  by  one  extremity,  while  a  thermome- 
ter is  attached  to  its  other  extremity,  we  shall  find 
that  a  certain  portion  of  the  heat  will  pass  through 
the  body  to  the  thermometer,  and  cause  it  to  rise. 
When  heat  passes  in  this  way,  it  is  said  to  be  con- 
ducted through  the  body.  Now,  if  we  try  various 
substances  in  this  way,  we  shall  find  a  great  differ- 
ence in  the  quantity  of  heat,  which  they  allow  to 
pass.  Some  under  such  circumstances  speedily  be- 
come hot,  and  transmit  a  great  deal  of  heat,  while 
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in  others,  the  temperature  rises  comparatively  less,  Sect.  iv. 
and  they  transmit  less  heat  to  the  thermometer.  " 
The  first  kind  are  said  to  be  good  conductors  of  heat; 
the  second  kind  are  called  bad  conductors.  The 
metals  are  the  best  conductors  among  solid  bodies. 
Stones,  bricks,  and  earths,  are  much  inferior  in  this 
respect  >  and  liquids,  and  elastic  fluids,  when  their 
particles  are  prevented  from  moving,  or  when  their 
mobility  is  greatly  retarded,  are  exceedingly  bad 
conductors  ;  but  they  are  good  conductors  when 
they  are  at  perfect  liberty  to  move  from  the  hot  to 
the  cold  body. 

There  is  a  sensible  difference  between  the  con- 
ducting  power  of  different  metals,  even  when  placed 
as  nearly  as  possible  in  the  same  circumstances. 
If  the  extremity  of  a  silver  wire  a  few  inches  in 
length ibe  held  in  the  flame  of  a  candle,  the  other 
end  soon  becomes  so  hot  that  it  burns  the  fingers  j 
whereas  a  platinum  wire,  of  the  same  length,  may 
be  held  in  the  flame  of  a  candle  for  any  length  of 
time  without  producing  that  effect.  A  method  of 
determining  the  relative  conducting  powers  of  the 
metals  was  contrived  by  Dr.  Franklin,  and- exe- 
cuted by  Dr.  Ingenhousz,  in  the  year  1780,  which,  Experi- 

J  V  ments  of 

though  it  does  not  give  any  very  exact  results,  ingen- 
enables  us  at  least  to  form  some  notions  of  the  rela- 
tive intensities  of  each.  Wires  of  gold,  silver,  cop- 
per, tin,  steel,  iron,  and  lead,  of  exactly  the  same 
size  and  length,  were  fixed ;  at  equal  distances  in  a 
piece  of  wood,  through  which  they  passed  perpen- 
dicularly. The  portion  of  the  wires  above  the 
wood  (which  was  the  most  considerable)  was 
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chap.  i.  covered  with  a  coat  of  white  wax  by  dipping  them 
in  melted  wax.  That  part  of  the  wires  below  the 
wood  was  now  plunged  into  olive  oil  heated  nearly 
to  212°.  That  wire  was  consid- 
ered as  the  best  conductor,  \j 
which  melted  the  wax  highest 
up.  Twelve  experiments  were  - 
made.  The  figure  in  the  margin 
represents  the  wires  above  the 
wood  in  one  of  these  experi- 
ments, and  the  cross  lines  show 
how  high  the  wax  was  melted  in 
each.  In  all  the  experiments 
the  wax  was  melted  highest  up 
on  the  silver  wire,  next  highest 
on  the  copper  wire,  and  lowest 
of  all  on  the  leaden  wire.  In 
the  others  it  varied.  But  gold 
and  tin  seem  to  stand  next  to 
copper,  then  comes  iron,  and 
then  steel.  0  *  $  ^  $  $  ^ 

So  that,  according  to  these  experiments,  the  con- 
ducting power  of  the  seven  metals  tried  is  in  the 
following  order.* 

Silver, 

Copper, 

Gold,  7 

Tin,     5 

Iron, 

Steel, 

Lead. 


*  Nouvelles  Experiences,  par  Dr.  Ingenhousz,  p.  380. 
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But  the  most  interesting  set  of  experiments  on  Se<*-  iv. 
this  subject  have  been  made  by  M.  Despretz.     He  Of  Des_ 
employed  bars  of  the  different  substances  of  thepretz- 
same  size,  and  covered  with  a  coating  of  varnish. 
One  of  the  ends  of  the  bar  was  heated  by  a  lamp, 
while  a  thermometer  was  applied  to  the  other.    The 
height  to  which  the  thermometer  rose  after  the 
lamp  had  exhausted  its  effect,  measured  the  con- 
ducting power  of  the  bodies.     The  following  table 
exhibits  the  conducting  powers  of  the  various  sub- 
stances tried  by  Despretz,  according  to  the  results 
of  his  experiments.* 

Conducting  power. 

Gold  .  .100 

Platinum  .  h.  98' 1 

Silver        :  ;'  ^.^  97-3 

Copper  .  ?!-;?•-  89'82 

Iron  .  .  37-41 

Zinc  .  .  36-37 

Tin  .  .  30-38 

Lead  .  .  17-96 

Marble  .  .             2-34 

Porcelain  .  .             1-22 

Brick  earth  .  .              l-13f 

It  is  exceedingly  probable  that  this  difference  in 
the  rate  in  which  heat  passes  through  bodies  is  con- 
nected with  the  closeness  of  their  texture,  or  at 
least  with  the  contiguity  of  the  particles  of  which 
they  are  composed.  A  set  of  experiments  lately 

*  Ann.  de  China,  et  de  Phys.  xix.  97. 

t  Traite  Elementaire  de  Physique,  par  M.  Despretz,  p.  201. 
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chap.  i.  made  by  MM.  Aug.  Delarive  and  Alph.  de  Can- 
Of  Dela_  dolle  corroborates  this  view  of  the  subject.*  They 
Decaanddoiie  to°^  PlQ^es  of  dry  wood,  about  5£  inches  long,  1 J 
inch  broad,  and  1  inch  thick.  At  about  1£  inch 
from  the  extremity  of  these  pieces  of  wood,  a  hole 
was  bored  reaching  to  the  centre  of  the  piece,  and 
rather  more  than  ^th  inch  in  diameter.  Five  such 
holes  were  made  in  each  piece  at  the  distance  of 
rather  more  than  |ths  of  an  inch  from  each  other. 
Into  each  of  these  holes  was  put  a  little  mercury 
into  which  the  bulb  of  a  thermometer  was  plunged. 
Over  the  mercury  was  strewed  a  little  lycopodium 
powder,  to  prevent  radiation  of  heat  from  the  mer- 
cury. One  of  the  extremities  of  the  piece  of  wood 
was  inserted  in  a  case  of  tin  plate,  about  |ths  of  an 
inch  long,  so  as  not  to  cover  any, of  the  holes. 
This  apparatus  was  suspended  freely  in  the  air  ; 
and  a  spirit  lamp  was  placed  under  the  extremity 
covered  by  the  tin  plate.  The  flame  was  prevented 
from  striking  against  any  other  part  of  the  wood 
by  the  chimney  of  the  lamp,  and  by  pieces  of  glass 
placed  vertically  between  it  and  the  wood,  which 
were  carefully  renewed  whenever  the  heat  began 
to  pass  through  them.  Care  was  taken  to  regulate 
the  heat -so-  as  to  prevent  all  risk  of  injuring  the 
texture  of  the  wood.  Some  of  these  pieces  of  wood 
were,  cut,  so  that  the  woody  fibres  extended  longi- 
tudinally or  in  the  direction  of  the  wood.  Others 
were  in  the  contrary  direction,  so  that  the  length 
of  the  piece  was  in  the  direction  from  the  pith  to 
the  bark  of  the  tree. 

*  Ann.  de  Chira.  et  de  Phys.  xl.  91. 
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The  heat  was  continued  in  each  case  for  about  a  Sect.  iv. 
quarter  of  an  hour  after  all  the  thermometers  had 
ceased  to  ascend.  The  following  table  exhibits 
the  rise  of  the  several  thermometers  in  these  expe- 
riments above  the  temperature  of  the  room  in  which 
the  experiments  were  conducted. 

I.  The  woody  fibres  being  longitudinal,  or  in  the 
direction  by  which  the  heat  flowed. 


Centigrade  thermometer. 


Names  of  the  woods. 

1st 
therm. 

2d 
therm. 

3d' 
therm. 

4th 

therm. 

5th 

therm. 

Cratasgus  aria 
Nut  wood 

83° 
80-13 

45° 
43 

21  <2 

19-63 

9°-2 
9-19 

4°-4 
5-13 

Oak 

81-7 

41-2 

17-5 

7-2 

3-7 

Fir 

84 

39-25 

20-6 

8-5 

3-7 

Poplar 

79-8 

34-2 

14-2 

6-2 

2-8 

II.  The  heat  flowing  in  a  direction  opposite  to 
that  of  the  woody  fibres  or  across  them. 


Names  of  the  woods. 

Centigrade  thermometer. 

1st 
therm. 

2d 
therm. 

3d 

therm. 

4th 
therm. 

5th   ' 
therm. 

Nut  wood 

99°-5 

37°-43 

13°-19  6° 

3*-25 

Oak 

79-3 

22-75 

7-5 

3'6 

2-4 

Fir 

70-9 

13-8 

4-5 

2-5 

1-9 

Cork 

78-5 

13-75 

3-44 

1-56 

1 

The  following  table  exhibits  the  height  to  which 
the  second  thermometer  would  have  risen,  on  the 
supposition  that  the  first  thermometer  in  every 
case  rose  100°  above  the  temperature  of  the  atmo- 
sphere. 
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chap.  i.        I.  Woody  fibres  longitudinal. 

Crataegus  aria          .  .  .  54-28 

Nutwood  .  .        ';'  53-7 

Oak  .  .        >  J'       '•'>;•  •  50-5 

Fir  ....  47-62 

Poplar  ....  42-91 

II.  Heat  flowing  across  the  woody  fibres. 

Nutwood  .           .            .  37-59 

Oak  ....  28-57 

Fir  ;  19-6 

Cork  ....  17-5 

This  table  would  give  the  relative  conducting 
powers  of  the  different  woods,  if  their  specific 
gravity  and  power  of  radiating  heat  were  the  same 
in  all.  But  this  not  being  the  case,  it  affords  only 
an  approximation. 

In  general,  we  see  that  the  hardest  woods  con- 
duct heat  best.  Though  this  is  not  accurately  true, 
as  nut  wood  conducts  rather  better  than  oak,  though 
the  latter  is  the  hardest  of  the  two. 

We  see  how  much  better  wood  conducts  heat 
in  the  direction  of  the  woody  fibres  than  across 
them  j  and  this  difference  increases  with  the  bad- 
ness of  the  wood  as  a  conductor.  The  conducting 
powers  in  the  two  directions  may  be  represented 
very  nearly  by  the  following  numbers. 

Longitudinally.  Across  the  fibres. 

Nutwood  „;  5  ^          3-46 

Oak         .  .  5          1.  2-83 

Fir       "^         .  5        "•£  2-05 

This  inferiority  in  the  conducting  power  of  wood 


HEAT.  107 

when  the  heat  moves  perpendicularly  to  the  direc-  sect.  iv. 
tions  of  the  woody  fibres,  will  enable  us  to  explain  " 
the  reason  why  the  temperature  in  the  interior  of 
the  trunk  of  a  tree,  is  nearly  that  of  the  soil  from 
which  they  draw  their  nourishment. 

The  only  other  set  of  experiments  on  this  sub-  of  pr. 
ject  with  which  I  am  acquainted,  was  made  by  Dr. 
Trail  of  Liverpool,  on  various  liquids.  The  liquids 
under  examination  were  put  into  a  wooden  cylin- 
der, four  inches  long,  and  two  inches  in  diameter. 
A  delicate  thermometer  was  fixed  so  that  its  bulb 
was  in  the  axis  of  this  cylinder,  at  some  distance 
from  its  bottom.  An  iron  cylinder  was  heated  for 
15  minutes,  in  boiling  water,  and  then  introduced 
through  a  hole  in  the  lid  of  the  wooden  box,  till  its 
extremity  was  exactly  half  an  inch  from  the  bulb  of 
the  thermometer.  The  time  which  the  thermometer 
took  to  rise  three  degrees  was  marked  by  a  stop 
watch,  when  the  cylinder  contained  different  liquids. 
The  following  table  exhibits  the  results  obtained : 

Liquids.  Time  of  heating  3°. 

Water,      .              .  .  7'  5" 

Cow's  milk,            .             .  .  8  25 

Proof  spirit,            .          .,  •->  i  •  8 

Alcohol  (0-815),    .            %:...:  .  ;  10  45 

Olive  oil,             I.*       ;V  f°./  9  50 

Mercury,             '•'.          'l  .  r  .  0  15 
1  Sulphate  of  iron,  *)                                        ' 
5  Water,                  J 

Saturat.  solution  of  alum  '  >f  J  1          9  40 

Ditto  of  sulphate  of  soda,  .              6  30 

Solution  of  potash  (Pharm.  Lond.)  8  15* 

*  Nicholson's  Jour.  xii.  133. 
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chap.  i.  One  would,  at  first  sight,  be  disposed  to  conclude, 
Passage  tnat  the  conducting  powerof  theseliquids  is  inversely 
through  as  tne  ^me  necessary  to  cause  the  thermometer  to 
peT.dson6"  rise  three  degrees.  Were  that  supposition  well 
Ik>nexpHn"  f°un(ied,  mercury  would  be  the  best,  and  alcohol 
the  worst  conductor  of  all  the  liquids  tried.  But  if 
we  consider  the  way  in  which  the  experiments  were 
made,  we  must  be  sensible,  that  the  rise  of  the  ther- 
mometer was  chiefly  influenced  by  the  change 
of  density  produced  in  the  liquid,  by  augmenting 
its  temperature.  Those  liquids,  whose  specific  gra- 
vity diminishes  most  rapidly  when  heated,  would 
allow  the  least  heat  to  pass  through  them.  Because 
the  particles,  as  they  receive  heat,  would  ascend 
most  rapidly  to  the  surface.  Accordingly,  alcohol, 
which  undergoes  the  greatest  expansion  from  heat, 
was  the  liquid  which  allowed  the  heat  to  pass 
downwards  most  slowly.  While  mercury,  whose 
density  undergoes  an  insignificant  augmentation 
from  the  addition  of  three  degrees  of  heat,  allowed 
the  heat  to  pass  through  it  much  more  rapidly  than 
any  of  the  other  liquids.  To  make  satisfactory  expe- 
riments on  the  conducting  powers  of  liquids,  it  would 
be  necessary  to  guard  against  this  mobility  of  their 
particles,  which  opposes  such  an  obstacle  to  the 
downward  motion  of  heat  through  them,  that 
Count  Rumford  was  of  opinion,  that  it  prevented 
it  altogether,  till  the  contrary  was  shown  by  the 
experiments  of  Dr.  Murray  and  my  own. 
Passage  Experiments  have  also  been  made  by  Dalton  and 
though  Davy,  upon  the  time  that  a  thermometer  takes  to 
cool  a  certain  number  of  degrees  in  different  gases. 
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The  following  table  shows  the  results.    The  first  Sect- IV- 


column  gives  the  time  a  thermometer  took  to  cool 
15°  or  20°  by  Dal  ton's  trials;  the  second  column 
the  time  a  thermometer  took  to  sink  for  each  gas, 
from  160°  to  106°,  in  21  cubic  inches  of  each  gas 
in  Davy's  trials. 

Gases.  Time  of  cooling. 

Chlorine,     .         .         <  .          186" 

Carbonic  acid,     .         .          112"  .          165 

Sulphuretted  hydrogen,        100  -f 
Nitrous  oxide,     .         .          100  +        .          150 
Olefiant  gas,  100  +  75 

Common  air,       .         .          100  .          129 

Oxygen,      ...          100  .          107 

Azotic  gas,  100  .  90 

Nitrous  gas,  90 

Gas  from  pit  coal,       .  70  .  55 

Hydrogen  gas,     .         .  40*  .  45f 

These  two  columns  do  not  agree  very  well  with 
each  other,  owing  probably  to  diversities  in  the 
mode  of  conducting  the  trials.  But  we  see  in  gen- 
eral, that  bodies  cool  slowest  in  the  heaviest,  and 
most  rapidly  in  the  lightest  gases.  It  is  obvious, 
that  the  rate  of  cooling  depends  chiefly  upon  the 
mobility  of  the  gaseous  particles.  The  process  is 
different  from  the  conduction  of  heat  by  solid 
bodies. 

3.  Heat  is  communicated   from   hot  bodies  to  Rate  at 
,  1*1     "which  bo- 

colder,    with    so   much   the   greater   celerity   the  dies  cooi. 

greater  the  difference  between  the  temperature  of 
the  two  bodies  is.  Hence,  when  an  iron  ball  is 
heated  to  redness  and  suspended  in  the  air,  it  loses 

*  Dalton's  New  System  of  Chera.  i.  117. 
t  Phil.  Trans.  1817,  p.  60. 
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chap.  i.  a   Very   great   deal  of  heat   during  the  first  few 
~  instants ;  but  the  quantity  lost  in  an  instant  dimin- 
ishes  at  a  great  rate  as  the  ball  approaches  the 
temperature  of  the  air  in  which  it  is  suspended. 
Hypothesis      Sir  Isaac  Newton  was  of  opinion,  that  the  quan- 

of  Newton.     .   .  .  n      • 

titles  or  heat  lost  in  given  small  times,  are  propor- 
tional to  the  excess  of  heat  remaining  in  the  hot 
body,  or  to  the  difference  between  its  temperature 
and  that  of  the  air;  and  therefore,  that  the  quan- 
tities of  heat  lost  in  equal  divisions  of  time  consti- 
tute a  series  of  proportionals,  or  form  a  geometrical 
progression.  From  a  set  of  experiments  on  the 
cooling  of  mercury  and  water,  published  in  1750  by 
Richmann,*  it  appears  that  the  Newtonian  law  holds 
pretty  nearly  at  as  high  temperatures  as  120°.  But 
beyond  that  point  the  verification  does  not  seem 
to  have  been  attempted.t 

Experi-  Dr.  Martine,  of  St.  Andrews,  in  an  Essay  on  the 
Martin°e.  Heating  and  Cooling  of  Bodies,  published  in  1739, 
showed  that  the  Newtonian  law  is  not  strictly  accu- 
rate even  at  pretty  low  temperatures  ;  and  that  if 
it  were  so,  bodies  would  take  an  infinite  time  to 
cool  down  to  the  temperature  of  the  surrounding 
medium.  He  endeavoured,  both  from  a  number 
of  experiments  made  by  Muschenbroek,  and  by 


*  Novi  Commentarii  Acad.  Scien.  Imper.  Petropol.tom.  iii.  p.  308. 

t  Novi  Comment.  Acad.  Sclent.  Imperalis  Petropolitanse,  iii. 
309.  From  Richmann's  experiments  in  this  paper  on  the  rate  of 
cooling  of  water,  mercury,  alcohol,  naphtha,  oil  of  turpentine,  and 
linseed  oil,  he  might  have  deduced  the  difference  in  the  specific 
heats  of  bodies.  But  this  idea  does  not  seem  to  have  occurred  to 
him. 
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some  of  his  own,  to  show  that  the  decrements  of  s«*«  IV- 
heat  were  partly  equable  and  partly  in  proportion  " 
to   the   subsisting  heats.     But  the  bodies  experi- 
mented on  were  never  raised  to  a  higher  tempera- 
ture than  112°  —  a  point  too  low  to  enable  him  to 
deduce  the  true  law  of  cooling.     Yet  Dr.  Martine 
had  the  merit  of  first  pointing  out  the  inaccuracy 
of  the  Newtonian  law. 

Erxleben  demonstrated  by  decisive  experiments 
in  a  dissertation  published  in  the  eighth  volume  of 
the  Nova  Commentaria  of  the  Gottingen  Society, 
that  the  deviation  of  the  Newtonian  law  from  the 
truth  increases  rapidly  as  the  temperature  increases, 
and  that  we  should  fall  into  very  great  errors  if  we 
extended  the  law  much  beyond  the  temperatures  at 
which  it  has  been  verified. 

M.  De  Laroche,  of  Geneva,  in  a  paper  on  some 


properties  of  radiant  heat,  published  in  181  2,*  ™ 
pointed  out  the  same  deviation  ;  though  he  does 
not  seem  to  have  been  aware  of  the  previous  expe- 
riments of  Erxleben.  From  his  experiments  it 
would  appear,  that  the  Newtonian  law  holds  tolera- 
bly nearly  at  temperatures  below  212°,  but  the  error 
increases  as  the  temperature  augments,  and  at  last 
becomes  very  great. 

The  prize  dissertation  of  Dulong  and  Petit  on  of 
the  measure  of  temperature,  and  the  laws  of  the  M 
communication  of  heat,  published  in  1818,  contains 
an  elaborate  investigation  of  the  law  of  cooling. 
From  their  experiments,  it  is  sufficiently  obvious, 
that  at  temperatures  above  212°,  the  rate  of  cooling 

*  Annals  of  Philosophy,  ii.  100. 
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chap.  i.  deviates  enormously  from  the  Newtonian  law.  The 
~  exhibition  of  a  single  set  of  their  experiments  will 
be  sufficient  to  demonstrate  this.  The  following 
table  exhibits  the  rate  of  cooling  of  a  mercurial 
thermometer  in  a  vacuum.  The  first  column 
represents  the  temperature  according  to  the  centi- 
grade scale  ;  the  second  column  gives  the  degrees 
of  heat  lost  per  minute  at  the  corresponding  tem- 
peratures, supposing  the  rate  of  cooling  for  a  min- 
ute to  be  equable. 

240°     'A.C      .H"     ~i         .  *      10.69° 
220          •  8-81 

200          ....  7-40 

180          ....  6-10 

160          ....  4-89 

140          ....  3-88 

120          ....  3-02 

100          ....  2-30 

80  &•:  ioij.*:-v3:>  jujtfi  1'74 
Were  the  Newtonian  law  accurate,  the  velocity  of 
cooling  at  200°  ought  to  be  twice  that  of  100°.  We 
see  from  the  table  that  it  is  more  than  thrice.  The 
velocity  of  cooling  at  240°  ought  to  be  thrice  that 
at  80°.  We  see  from  the  table  that  it  is  more  than 
six  times  as  great.* 

I  shall  now  endeavour  to  state  the  principal  facts 
respecting  the  cooling  of  bodies.  For  our  know- 
ledge of  them  we  are  almost  entirely  indebted  to 
the  dissertation  of  Dulong  and  Petit,  which  has 
been  just  referred  to. 

1.  When  a  body  cools  in  a  vacuum,  the   heat 

*  Annals  of  Philosophy,  xiii.  242. 
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which  it  loses  is  owing  entirely  to  radiation.    When  Sect.  iv. 
it  cools  in  any  kind  of  air,  the  process  goes  on  more  ~ 
rapidly,  because  the  quantity  of  heat  radiated  is  the 
same  as  in  vacuo,  while  an  additional  quantity  of 
heat  is  conducted  away  by  the  air  or  gas. 

(2.)  The  rate  of  cooling  of  a  liquid  confined  in  a 
vessel,  is  not  altered  by  the  size  nor  by  the  shape 
of  that  vessel. 

(3.)  The  velocity  of  cooling  of  a  thermometer  in  Law  of 
vacuo,    for    a    constant    excess   of   temperature, cc 
increases  in   a  geometrical  progression,  when  the 
temperature  of  the  surrounding  medium  increases 
in  an  arithmetical  progression.     The  ratio  of  this 
geometrical  progression  is  the  same,  whatever  be 
the  excess  of  temperature  considered.     The  truth 
of  this  law  will  be  evident  from  the  following  table. 


Excess  of  temp, 
of  the  therm, 
centigr. 

Velocity  of 
cooling 
Water  at  0°. 

Ditto 
Water  at  20°. 

Ditto 
Water  at  40° 

Ditto 
Water  at  60°. 

Ditto 
Water  at  80°. 

240° 

10°-69 

12-40 

14-35 





220 

8-81 

10-41 

11-98 





200 

7.40 

8-58 

10-01 

11-64 

1345 

180 

6-10 

7-04 

8-20 

9-55 

11-05 

160 

4-89 

5-67 

6-61 

7-68 

8-95 

140 
120 

3.88 
302 

4-57 
3-56 

5-32 
4-15 

6-14 

4-84 

7-19 
5-64 

100 

2-30 

2-74 

3-16 

3-68 

4-29 

80 

1-74 

1-99 

2-30 

2-73 

3-18 

60 

1-40 

1-62 

1-88 

2-17 

If  we  compare  the  five  last  columns  of  this  table 
with  each  other,  we  shall  find  that  the  mean  ratio 
is  1-161. 

In  general,  this  geometrical  progression  requires 
to  be  diminished  by  a  constant  quantity,  in  conse- 

i.  i 
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chap.  i.   quence  of  the  heat  radiated  back  to  the  hot  body 
from  the  walls  of  the  vessel  in  which  it  is  cooling. 

(4.)  When  a  body  cools  in  vacuo,  the  time  of  cool- 
ing is  materially  influenced  by  the  nature  of  the 
surface  of  the  hot  body ;  those  bodies  cooling 
soonest  which  radiate  best.  But  this  difference 
does  not  affect  the  law  of  cooling  in  vacuo. 

(5^  When  a  body  cools  in  any  gas,  the  same  por- 

cationof  V.      J  J  i         .  T  11 

heat  de-      tion  of  its  heat  is  carried  oft  by  radiation  that  would 

pends  on  .        .  * 

the  extent    be    dissipated   if   it   were  cooling    in    a   vacuum. 

of  surface  *  .  .  i         /«•     i  i 

touching.  Another  portion  is  conducted  on  by  the  gas. 
This  last  portion  is  not  affected  by  the  nature  of  the 
surface  of  the  hot  body.  It  depends  upon  the 
conducting  power  of  the  different  gases. 

4.  The  celerity  with  which  heat  is  communicated 
from  hotter  bodies  to  colder  ones,  when  all  other 
things  are  equal,  is  proportional  to  the  extent  of 
contact  and  closeness  of  communication  between 
the  bodies. 

Every  person  is  disposed  to  admit  this  law  from 
general  experience.  It  is  obvious  enough,  that  if 
we  have  two  cubes  and  two  spheres  of  iron,  if  we 
heat  one  of  each  sort  and  lay  it  on  the  other,  the 
heat  would  be  communicated  much  faster  from  the 
hot  cube  to  the  cold  one,  than  from  the  hot  sphere 
to  the  cold  one. 

When  the  masses  which  we  compare  are  of  the 
same  shape,  but  differ  only  in  size,  the  smaller  will 
cool  in  a  shorter  time  than  the  larger.  Suppose 
two  cubes  of  gold,  the  one  1  inch  in  diameter,  and 
the  other  two.  The  smaller  cube  will  cool  sooner 
than  the  larger  if  both  be  placed  in  the  same  cir- 
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cumstances;  because  the  surface  of  the  larger  cube  s«ct.  iv. 
is  only  four  times  greater  than  that  of  the  smaller,  " 
while  the  quantity  of  matter  in  it  is  eight  times 
greater. 

This  general  principle  enables  us  to  see  why  heat 
passes  very  slowly  through  those  bodies  which  have 
a  rough  and  spongy  texture.  Wood  transmits  heat 
more  slowly  than  metal  on  this  account.  Cork  still 
more  slowly  than  wood.  Wool,  feathers,  or  furs, 
exceed  even  cork  in  the  slowness  with  which  heat 
passes  through  them.  It  is  indeed  true  that  the 
interstices  of  these  bodies  are  filled  with  air — but 
as  this  fluid  is  in  a  state  of  stagnation,  and  the  par- 
ticles at  some  distance  from  each  other,  it  gives 
little  assistance,  or  rather  offers  a  strong  resistance 
to  the  transmission  of  heat.  This  is  the  reason 
why  such  materials  are  so  effectual  in  keeping  our 
bodies  warm  in  cold  weather.  They  may  be 
equally  employed  to  prevent  heat  from  entering 
into  bodies.  If  we  wish  to  prevent  a  lump  of  ice 
from  melting  in  a  warm  place,  we  cannot  do  better 
than  wrap  it  in  plenty  of  flannel  or  furs,  or  the  like 
materials,  which  produce  the  wished-for  effect,  by 
retarding  the  communication  of  heat  to  the  ice  from 
the  air  and  the  other  bodies  in  the  neighbourhood. 

This  retardation  of  the  communication  of  heat  Fluids 

i  i  •          n     •  i  11  ft       transmit 

does   not   take  place  in   fluids   equally  as  solids,  heat  more 
Fluids  receive  heat,  and  transmit  it  generally  more  than  solids, 
rapidly  than  solids.     Of  this  we  have  an  obvious 
example  in  the  air ;  which  though  very  rare  and 
light,  cools  bodies  exposed  to  it  very  fast.     When 
a  hot  body  is  plunged  into  water,*  it  cools  much 
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chap.  i.    sooner  than  it  would  do  if  plunged  into  a  mass  of 
sand  or  iron  filings.     This  difference  is  owing  to 
the  easy  mobility  of  the  particles  of  fluids.     When 
And  why.    any  portion  of  a  fluid  receives  heat,  it  becomes  spe- 
cifically lighter,  and  of  course  ascends  ;   another 
portion  of  cold  fluid  supplies  its  place,  is  heated  in 
its  turn,   becomes  dilated  and  ascends  ;  and  this 
renewal  of  cold  particles  will  continue  till  the  tem- 
perature of  the  hot  body  is  sufficiently  reduced. 
c^mebse"coid-      This  ascending  motion  of  air,  when  a  lump  of 
ascend?      rec^  ^ot  *ror}  'IS  suspended  in  a  room  to  cool,  becomes 
evident  when  we  hold   our  hand  perpendicularly 
over  the  iron  at  some  distance  above  it.     Heat  by 
rarefying  air,  and  thereby  producing  a  motion  in  it, 
is  more  quickly  and  equably  dispersed  through  it, 
than  through  solid  matter.     Were  air  destitute  of 
this  property,  that  portion  of  it  nearest  the  surface 
of  the  earth  would  soon  become  unfit  for  breathing, 
and  would  prove  destructive  to  all  the  inhabitants 
of  our  planet.     It  is  the  mobility  and  expansibility 
of  air  that  preserves  it  in  a  state  fit  for  living  beings. 
But  there  is  a  circumstance  which  at  first  sight 
seems  inconsistent  with  this   property  of  air,  and 
which  therefore  requires  to  be  explained  ;   I  allude 
to  the  unequal  distributions  of  temperature  in  the 
atmosphere.      The  part  of  the  atmosphere  conti- 
guous to  the  surface  of  the  earth  is  known  to  be 
jjneof  per-  hottest ;  as  we  ascend  to  a  more  elevated  region, 
gelation?""  the  air  gets  colder  and  colder,  till  at  a  certain  height 
above  the  level  of  the  sea,  even  in  the  torrid  zone, 
we  come  to  the  region  of  perpetual  congelation. 
The  summits  of  the  Andes,  some  of  which  are  ele- 
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vated  almost  21,000  feet  above  the  level  of  the  sea,  Sect- IV- 
are  perpetually  covered  with  snow  even  under  the 
equator.  The  Himala  mountains  are  higher,  and 
lie  to  the  north  of  the  tropic  of  Cancer :  we  need  not 
be  surprised,  therefore,  that  their  summits  are 
covered  with  eternal  snow.  As  we  advance  from 
the  equator  towards  the  poles,  the  line  of  perpetual 
snow,  which  at  the  equator  is  elevated  14,760  feet 
above  the  level  of  the  sea,  gradually  approaches 
nearer  the  earth,  till  in  latitude  70°  it  is  only  2,834 
feet  above  the  level  of  the  sea.  The  following 
diagram  will  give  a  better  idea  of  the  rate  at  which 
this  height  declines  than  could  be  obtained  by  the 
most  elaborate  description. 
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North  Cape  2343  feet. 
Norway  2834  feet. 


Norway  3835  feet. 
Iceland  3084  feet 


Norway  5190  feet. 
Norway  5544  feet. 


Carpathians  8526  feet. 


Alps  82-20  feet. 


Caucasus  11084  feet. 


Mexico  lllOOfect 
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The  surface  of  the  earth,  instead  of  a  quadrant  of  Sect- lv- 
a  circle,  which  is  nearly  its  true  form,  is  represented  " 
as  a  straight  line  on  which  the  degrees  of  latitude 
are  marked,  beginning  at  the  line  and  proceeding 
to  N.  latitude  71°%5  on  the  North  Cape.     The  per- 
pendicular height  above  the  surface  of  the  earth 
representing  the  limit  of  perpetual  congelation  is 
exaggerated  about  1000  times. 

From  inspecting  this  diagram,  it  will  be  evident 
that  the  snow  line  though  connected  with  the  lati- 
tude, is  not  absolutely  regulated  by  it.  Thus  in 
the  Caucasus,  in  about  latitude  42°1  N.  the  snow 
line  is  situated  about  11084  feet  above  the  level  of 
the  sea,  while  in  the  Pyrenees  under  the  same  lati- 
tude, it  is  only  8400  feet.  In  the  Alps,  it  is  8220 
feet  above  the  level  of  the  sea,  while  in  the  Carpa- 
thian, though  situated  a  little  farther  north,  it  is 
8526  feet  or  326  feet  higher.  In  Norway,  in  lati- 
tude 67°,  it  is  3835  feet  above  the  level  of  the  sea, 
while  in  Iceland,  in  latitude  66°,  it  is  only  3084. 

These  apparent  anomalies  are  easily  accounted 
for.  Wherever  an  extensive  table  land  occurs,  its 
effect  becomes  manifest  upon  the  atmosphere,  and 
elevates  the  line  of  congelation  considerably. 
Thus  Mexico  constitutes  a  table  land,  elevated 
about  8000  feet  above  the  level  of  the  sea.  The 
consequence  is  that  the  snow  line  is  only  660  feet 
lower  than  under  the  equator.  This  is  the  reason 
why  the  snow  line  is  so  high  in  the  Himalaya 
mountains. 

Wherever  extensive  glaciers  are  formed,  they 
have  a  tendency  to  sink  the  temperature  of  the 
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chap.  I.  country,  and  by  gradually  creeping  lower  down, 
they  depress  the  line  of  congelation  in  that  place. 
Hence  the  reason,  why  the  line  of  congelation  is 
lower  in  the  Alps  than  the  Carpathians.  In  the 
Doffrines,  there  are  glaciers  in  one  place  only. 
Hence  the  reason  why  the  line  of  congelation  is 
higher  in  Norway  than  in  Iceland.  Various  me- 
thods of  calculating  the  height  of  the  line  of  con- 
gelation have  been  proposed  by  ingenious  philoso- 
phers of  our  own  time  :  but  it  is  obvious  that  no 
general  rule  can  apply  to  all  cases. 

Because  its      Now  if  air,  the  moment  it  is  expanded  by  heat, 

specific  heat  .  .  , 

increases  begins  to  ascend  to  a  higher  part  or  the  atmosphere, 
volume,  and  if  it  continue  to  rise  till  it  come  to  air  of  the 
same  density  with  itself,  how  are  we  to  account 
for  this  regular  diminution  of  heat,  as  we  ascend? 
It  would  appear  at  first  sight,  that  the  higher  parts 
of  the  atmosphere  ought  to  be  as  hot,  if  not 
hotter,  than  those  portions  near  the  surface  of  the 
earth.  The  reason  why  this  is  not  the  case,  is  that 
the  specific  heat  of  air  increases  in  proportion  as  its 
volume  increases.  But  it  is  well  known,  that  the 
higher  from  the  surface  of  the  earth  any  portion 
of  the  air  is,  the  greater  is  its  volume ;  for  the 
volume  of  air  is  always  inversely  as  the  pressure 
upon  it.  At  the  surface  of  the  sea,  the  incumbent 
air  is  pressed  upon  by  the  whole  atmosphere  above 
it.  As  we  ascend,  the  air  is  pressed  upon  by  all 
the  portion  of  atmosphere  above  it,  while  the  por- 
tion belowr  ceases  to  have  any  action  on  it.  The 
density  of  air  continually  decreases  as  we  ascend 
in  the  atmosphere,  and  of  course  its  bulk  continually 


Air. 

Density. 

Volume. 

Height  of  Barometer. 

1 

1 

J'r-      30  inches. 

1 
2 

2 

r-.o'      15 

i 

4 

7-5 

i 

•c        8 

3-75 

1 

TB 

.  ,       16 

ii.n*        1-875 

I 

;.f    32 

fA  ;         0-9375 

A 

64 

0-46875 
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augments.     The  rate  at  which  this  augmentation  Sect.  iv. 
of  volume  takes  place  will  be  obvious  from  the 
following  table.* 

Height  in  miles 
above  the  sea. 

0  .9  5 

2-705 

5-41 

8-115        .' 

10-82    'V, 

13.525      . 

16-23 

We  see  that  when  the  height  increases  in  an 
arithmetical  ratio,  the  volume  increases  in  a  geo- 
metrical ratio. 

Now  it  has  been  experimentally  ascertained,  that 
as  the  volume  of  air  increases,  its  specific  heat  aug- 
ments in  the  same  proportion.  If  a  receiver  stand- 
ing over  the  plate  of  an  air-pump,  and  having  a 
thermometer  suspended  in  it,  be  exhausted,  the 
thermometer  suddenly  sinks  a  few  degress,  and 
then  gradually  rises  again,  till  it  acquires  the  tem- 
perature of  the  room  in  which  the  air-pump  stands. 
When  the  air  is  again  let  into  the  receiver,  the 
thermometer  as  suddenly  rises  a  few  degrees,  and 
then  subsides  again.  Mr.  Dalton  concluded  from 
his  observations,  that  the  true  elevation  of  the 
thermometer,  when  air  is  admitted  into  an  exhaust- 

*  When  the  barometer  (at  32°)  falls  0-001  inch,  it  indicates  an 
elevation  of  0-954  feet ;  so  that  the  elevation  of  1  foot  causes  the 
barometer  to  fall  (at  32°)  0-00105  inch,  according  to  the  experi- 
ment of  General  Roy. 
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chap.  i.   ed  receiver,  is  50°.     But  as  he  does  not  inform  us 


how  far  the  exhaustion  was  carried  in  his  experi- 
ments, we  can  draw  no  conclusions  from  his  in- 
genious deductions.  Professor  Leslie,  of  Edinburgh, 
made  a  very  ingenious  set  of  experiments  on  this 
subject,  which  it  will  be  proper  to  state. 

^e  empl°yed  an  excellent  air  pump,  and  a  glass 
densed  receiver  of  the  very  largest  dimensions,  and  ap- 
proaching somewhat  to  the  spherical  form.  A 
very  delicate  thermometer  was  suspended  vertically 
a  few  inches  above  the  plate  of  the  air-pump.  One- 
fifth  of  the  air  of  the  receiver  was  exhausted,  and 
the  apparatus  left  at  liberty,  till  the  enclosed  ther- 
mometer had  acquired  the  temperature  of  the 
room.  The  stop-cock  was  then  suddenly  opened, 
and  the  air  allowed  to  return  into  the  receiver,  the 
thermometer  rose  very  rapidly  three  centesimal 
degrees,  from  which  point  it  afterwards  slowly  des- 
cended. Two-fifths  of  the  air  were  then  exhausted, 
and  the  experiment  repeated.  In  like  manner  the 
rise  of  the  thermometer  was  observed  when  three- 
fifths  of  the  air,  four-fifths,  and  |~dths  were  ex- 
hausted and  allowed  to  return  suddenly  into  the 
receiver.  The  following  table  shows  the  results. 

Air  withdrawn  and  Rise  of  the  thermometer. 

then  let  in. 

i  ...         3°  centigrade 

f  £fcj      ]i.rf      '*  v        5'3 

#       .     :-7  v.;:'  7 

*  .  V/l  .         8 

ffi          }-  •  .          8-3 

Before  any  conclusion  could  be  drawn  from  these 


HEAT.  123 

experiments,  it  was  necessary  to  know  what  part  Sect.  iv. 
of  the  heat  was  consumed  on  the  sides  of  the  re-  "" 
ceiver.     To  be  able  to  form  some  idea  of  this,  the 
experiments  were  repeated  with  another  receiver 
of  the  same  shape  as  the  former,  but  of  only  half 
the  size.     The  following  table  exhibits  the  results. 

Rarefaction.  Rise  of  therm. 

£  1°'8  centigrade 

f  .  .3-2 

f  *  .4-2 

' 


These  new  quantities  obviously  follow  the  same 
progression  as  the  former.  They  are  in  fact  each 
fths  of  the  former  numbers.  Now  the  smaller 
receiver  having  under  the  fourth  part  of  the  surface 
of  the  larger  only  the  eighth  part  of  its  contents, 
exposes  comparatively  twice  the  extent  of  surface* 
Hence  the  rise  of  temperature  which  takes  place  in 
its  included  air  must  be  the  same  as  would  have 
happened,  if,  while  its  capacity  remained  the  same, 
the  surface  of  the  first  receiver  had  been  exactly 
doubled. 

Mr.  Leslie  very  ingeniously  supposes  that  the 
air  holds  one  part  of  the  heat,  while  two  parts  and 
four  parts  are  respectively  expended  on  the  inside 
of  the  receivers.  If  we  admit  this  conjecture,  the 
results  correspond  accurately  with  observation.  For 
the  air  in  the  large  receiver  would  retain  one-third, 
and  in  the  small  one-fifth  of  the  whole  heat  evolved, 
and  the  rise  of  temperature  in  the  two  sets  of  expe- 
riments would  be  as  5  to  3,  as  was  actually  the  case. 
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Chap.  i.    if  we  multiply  the  rise  of  the  first  thermometer  by 
"  3,  we  obtain  the  true  quantity  of  heat  evolved,  as 
in  the  following  table. 

Rarefaction. 

|-  .  .  .!•;;      9°  centigrade 

I  11  i  •  •          16 

f  .  .          21 

I         .  •.          .          .       24 


;§  .        .25 


But  these  numbers  cannot  indicate  the  heat 
evolved  by  restoring  the  usual  density  to  the  whole 
air  in  the  receiver.  In  the  first  experiment,  only 
£ths  of  the  air  in  the  receiver  were  restored  to  the 
usual  density.  For  the  jth  admitted  had  already 
the  density  of  the  external  air.  In  the  second 
experiments,  f  ths  of  the  air  were  restored  to  their 
usual  density ;  in  the  third  fths,  in  the  fourth  jth, 
and  in  the  fifth  ^uodth.  To  obtain  the  true  numbers, 
we  must  add  j-,  f ,  f,  f,  and  f §£  successively  to  each 
number.  We  obtain  the  true  heat  evolved  as  fol- 
lows : 

£  .  .  ll°-25  centigrade 

|  .  .  26-6 

f  .;.,-  -  52-5 

f  120 

-«j  •  U%  ti-J        i;jf,  3  , 750°   Miytiv; 

if.  j  .iK>i/i:/i,&G  ;  frirv  n vtenutm  icoqe^i'ico  «iiu?/i 
Thus  according  to  the  experiments  and  hypo- 
thesis of  Leslie,  when  air  of  the  following  densities 
is  restored  to  its  original  density  represented  by  1, 
the  heat  evolved  is  as  follows : 
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Density  of  the  air. 
1- 

0-8 
0-6 
0.4 
0-2 

0.0003 


Heat  evolved. 

0° 

20-625 
48- 
94-5 
216 
13500 


Sect.  IV. 


Fahrenheit. 


Now,  this  evolution  of  heat  is  obviously  owing 
entirely  to  a  diminution  of  the  specific  heat  of  the 
air  by  condensation.  It  is  obvious,  that  there  must 
be  a  corresponding  increase  of  specific  heat  from 
rarefaction. 

Let  o  denote  the  density  of  the  air,  then  4-5  ( -& — n 

will  denote  the  heat  evolved,  when  the  density  is 
reduced  to  unity;*    or  if  the  air  be  condensed, 

*  It  will  be  proper  to  explain  how  this  formula  was  obtained  by 
Mr.  Leslie. 

Let  A  F  be  a  portion  of 
a  parabola,  having  B  F  for 
its  axis,  and  A  B  for  an  or- 
dinate ;  and  let  A  B  =  B  F. 
Divide  the  ordinate  A  B 
into  five  equal  parts,  repre- 
senting the  five  equal  divi- 
sions of  the  mercurial  co- 
lumn corresponding  to  the 
different  densities  of  the  air 
represented  in  the  first  co- 
lumn of  the  table  given  in  A  c  B 
page  122.  From  each  of  these  divisions,  raise  perpendiculars  CD, 
parallel  toBF,  and  meeting  the  curve.  Then,  if  BC  be  the  density 
of  the  remaining  air,  the  rise  of  temperature  is  exhibited  by  C  D.  For, 
from  the  nature  of  the  curve,  (2  A  B — A  C)AC  =  CDxP, 
(the  parameter,  which  is  equal  to  B  F).  But  A  B  was  made  =  5, 
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Chap.  I. 


.  then  45  (o — -}  will  denote  the  cold  evolved,  when 

the  air  is  rarefied  to  1 .  Let  it  be  required  to  deter- 
mine by  this  formula,  how  much  heat  is  evolved 

and  B  F  =  5°,  the  ultimate  rise  of  the  thermometer.  Whence  C  D 
_  (10— AC)  A  C,  when  the  density  ig  ^  A  C  _  3>  and  C  D 

o 

becomes  4-2,  as  in  the  table  (page  122).  The  conformity  of  the 
numbers  in  the  table,  with  the  abscisses  of  the  parabola,  is  there- 
fore evident. 

It  was  remarked  in  the  text,  that  the  two  tables  exhibited  in 
pages  122  and  123  are  to  each  other  as  5  to  3.  In  these  two  sets 
of  experiments,  the  different  sizes  of  the  receivers  only  affect  the 
experimental  results  by  the  different  ratios  between  their  surfaces 
and  contents  ;  since,  in  other  respects,  as  the  proportion  is  the  same, 
the  temperature  must  be  unaffected,  the  quantity  of  air  and  the 
heat  developed,  being  always  in  the  same  proportion.  Let  then 
x  =  number  of  additional  degrees,  to  which  the  heat  absorbed  by 
the  large  glass  would  raise  the  temperature  of  the  air,  supposing 
the  corresponding  quantity  of  developed  heat  actually  received  by 
the  air  =  1.  Then  the  temperature  to  which  the  included  air  would 
have  risen,  had  the  glass  not  affected  it,  is  to  the  actual  rise  as  1 
+  x-.l. 

Again,  since  in  the  glass  with  the  smallest  diameter,  the  relative 
effect  of  it  is  twice  as  great  as  that  of  the  glass  with  the  large 
diameter;  hence,  in  it,  if  the  air  absorb  1,  the  glass  will  absorb  2  x 
of  heat.  So  that  the  total  heat  will  be  to  the  actual  rise,  as  1  +  2  x 
:  1.  But  in  the  two  sets  of  experiments,  the  actual  rise  of  the 
thermometer  is  as  3  :  5 ;  3,  being  the  rise  in  the  smaller,  and  5,  in 
the  large  receiver.  Therefore,  3  (1  _j_  2  x)  =  heat  actually 
evolved  in  the  small  receiver,  and  5  (I  _[_  x)  =  heat  actually 
evolved  in  the  large;  supposing  the  receivers  not  to  have  absorbed 
any.  But  the  circumstances  of  the  two  experiments  being  abso- 
lutely the  same,  these  two  quantities  must  be  equal.  We  have 
therefore  3  (1  _j-  2  #)  =  5(1  +  x);  or  x  =  2.  Hence  the 
whole  heat  evolved  in  the  small  receiver,  was  five  times  the  rise  of 
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when  the  density  of  air  is  doubled.     Here  d  =  2.  Se<*.  iv. 
The  formula  becomes  45  (2— £)  or  45  x  1  -5=  6y°.5 
Fahrenheit.     Required  the  heat  evolved,  when  air 

the  thermometer ;  and  in  the  large,  thrice  that  of  the  rise  of  the 
thermometer ;  or  the  true  rise  is  indicated  by  the  following  table. 

£         ,'^'       .         .  9°  centigrade. 

f        :."";',."       16 
?  ...         21 

•   V.,-."  2* 

Extreme         .         v         25 

Let  A  G  be  part  of  a 
parabola  as  before,  G  B  the 
absciss,  and  A  B  the  ordi- 
nate.  Divide  A  B  into  any 
number  of  equal  parts,  then 
if  A  B  be  the  density  of  the 
air,  and  B  4,  B  3,  &c.  any 
other  densities,  then  E  4, 
F  3,  will  represent  the 
corresponding  thermometri- 
cal  rises  as  formerly  ex- 
plained. But  it  must  be 
observed,  that  these  rises  / 
are  the  heats  actually  evolv-  IL 
ed,  only  when  the  air  is 

suffered  to  regain  its  usual  density.  And  as  the  capacity  of  air  for 
heat  is  inversely  as  its  density,  these  results  must  be  increased 
in  the  ratio  of  B  4,  B  3,  &c.  to  B  A  to  give  the  true  heats  cor- 
responding to  these  densities ;  or  the  heats  belonging  to  the  den- 
sities B  4,  B  3,  &c.  are  respectively  as  A  C,  A  D,  &c.  Now,  by 

the  nature  of  the  parabola,  A  4  (A  B  -f  B  4)  or  A  B2 B  42  = 

P  +  E  4  :  or  E  4   oc    (i.e.  varies  as)  A  B2— -B 42.      But  B  4  : 


B  A::  E4 


AC;  or  A  C  oc  -^ ;  so,  A  C 


oc 


A  B2— B  42 
B4 


Now,  if  A  B  =r  1,  and  B  4  =  a-,  then  A  C  a    L_£?    a    Q— 
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chap.  i.  is  condensed  30  times.  Here  6  =  30,  we  have  45 
(30— y^)  =  45  x  29-966  =  1348°-5. 

Let  us  apply  this  formula  to  the  diminution  of 
heat  as  we  ascend  in  the  atmosphere.  In  an  obser- 
vation by  Lasius,  the  barometer  at  Goslar  stood  at 
29-5  inches,  and  at  the  top  of  the  Brocken,  at 
26'444  inches.  Required  from  this  the  difference 
of  temperature.  If  we  reckon  the  density  of  air  at 
Goslar  1,  to  find  its  density  at  the  top  of  the 
Brocken,  we  say  29.5  :  26.444  :  :  1  :  0*896  =  den- 
sity of  air  at  the  top  of  the  Brocken.  By  substitu- 
tion, the  formula  becomes  45  (1.116 — 0*896)  =  45 
x  0-22  =  9°'9  equal  to  the  difference  of  tem- 
perature between  the  air  at  Goslar  and  at  the  top 
of  the  Brocken.  Lasius  found  the  difference  9°'4, 
which  differs  only  by  half  a  degree  from  that  given 
by  the  formula. 

This  formula,  however,  though  it  furnishes  a 
valuable  approximation,  is  not  quite  correct,  for  if 

or  A  C  =  (- — x\  y  where  y  is  a  constant  co-efficient  to  be  deter- 
mined by  experiment.  Let  us  assume  any  of  the  densities  given 
in  the  above  table,  as  J,  the  corresponding  increment  is  16,  which 
to  give  the  true  increment,  is  to  be  increased  in  the  ratio  of  4  :  1  or 

3  :  5,  or  it  is  = .     Now,  in  the  formula,  x  is  -,  whence 

/5     3\          80       /25 — 9\ 
it  becomes  ( 3— 5 )  #  =-3-  or  ( — —  )  V  =  80-     Hence>  V  =  25- 

Wherefore,  the  decrement  of  temperature,  at  any  density,  x  is  25° 
( x\  the  density  of  common  air  being  1.  In  the  text,  I  have 

substituted  45  for  25,  in  order  to  adapt  the  formula  to  Fahrenheit's 
scale. 
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we  calculate  from  it  what  the  mean  temperature  Sect- 1V- 
ought  to  be  on  the  summit  of  Ben  Nevis,  we  obtain  ~ 
about  32°.*     Yet  we  know  that  the  summit  of  that 
mountain  is  below  the  level  of  perpetual  congela- 
tion, which  in  Scotland  is  elevated  to  the  height  of 
about  6500  feet,  exceeding  that  of  any  mountain  in 
Great  Britain. 

It  is  obvious  from  the  details  here  entered  into, 
that  the  temperature  of  the  air  must  diminish  in 
proportion  as  its  height  increases  above  the  level  of 
the  sea  ;  because  its  density  diminishes,  and  conse- 
quently its  specific  heat  increases  exactly  in  that 
ratio.  But  the  same  weight  of  air,  at  all  elevations,  ™e 
above  any  place,  contains  exactly  the  same  quantity  j»:  on 
of  heat.  So  that  if  a  quantity  of  air  were  sud-  tains  the 

J  same  heat. 

denly  transported  from  an  elevated  region  to  the 
level  of  the  sea,  its  density  would  be  continually 
increasing  during  its  descent,  while  its  specific 
heat  would  diminish  in  the  same  proportion,  and 
when  it  reached  the  level  of  the  sea,  its  temperature 
in  consequence  would  be  just  as  high  as  that  of 

*  This  calculation  is  made  on  the  supposition  that  the  mean 
annual  temperature  at  Fort  William  is  47°.  It  lies  about  53 
minutes  farther  north  than  Glasgow.  Now,  the  mean  temperature 
at  Glasgow  is  very  nearly  47°-75 ;  while  the  mean  temperature 
of  London  is  nearly  50°.  The  difference  between  these  two  tem- 
peratures 2°^,  while  the  difference  between  the  latitudes  is  very 
nearly  4  degrees.  From  this,  it  would  appear,  that  in  Great 
Britain,  every  additional  degree  of  latitude  diminishes  the  tem- 
perature about  0.55  of  a  degree  of  Fahrenheit.  It  is  obvious  from 
this,  that  the  mean  heat  at  Fort  William  is  not  under  47°.  It 
should  be  47°.3.  Which  would  make  the  mean  heat  at  the  sum- 
mit of  Ben  Nevis  32°-4. 

I.  K 


130  RADIATION  OF 

chap.  i.  other  portions  of  air  in  the  same  latitude  and  eleva- 
~~  tion.  Air,  therefore,  does  not  feel  cold  in  conse- 
quence of  falling  from  an  elevated  situation ;  though 
this  be  an  opinion  commonly  entertained ;  but  in 
consequence  of  its  being  suddenly  transported  from 
a  more  northerly  to  a  more  southerly  situation. 
Thus,  the  unequal  distribution  of  temperature  in 
the  atmosphere,  when  properly  understood,  consti- 
tutes no  objection  to  the  mobility  and  ascent  of 
air,  when  its  temperature  is  increased. 

SECTION  v. 

OF  THE  RADIATION  OF  HEAT. 

An  account  of  the  radiation  of  heat  naturally 
belongs  to  this  chapter ;  because  we  owe  all  that 
we  know  respecting  it  to  the  use  of  the  thermome- 
ter. Radiation  signifies,  as  is  implied  by  the  name, 
that  heat  has  the  property  of  passing  off  from  the 
surface  of  bodies  in  rays  or  straight  lines  in  the 
same  manner  as  light. 

menS  of         ^ie  ^rst  ru&e  attempt  to  examine  radiation  was 
Mariottc.    maje  by  Mariotte.     In  the  year   1682,   he  men- 
tioned, at  a  meeting  of  the  French   Academy  of 
Sciences,  that  the  heat  of  a  fire  reflected  by  a  burn- 
ing mirror  is  sensible  in  its  focus ;    but  when   a 
pane  of  glass  is  interposed  between  the  mirror  and 
Lambert,    j^g  focus,  the  heat  is  no  longer  sensible.*     Lam- 
bert, the  celebrated  German   mathematician,  was 
one  of  the  first  persons  who  repeated  and  varied 
this  experiment.     He  placed  burning  charcoal  in 

*  Mem.  Paris,  i.  344. 
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the  focus  of  a  mirror,   while  another  mirror  was  Sect.  v. 
standing  parallel  to  it,  at  the  distance  of  24  feet.  ~ 
A  combustible  body  placed  in  the  focus  of  this 
last  mirror  was  kindled.     Yet  when  the  light  of  a 
clear  burning  fire  was  collected  in  the  focus  of  a 
large  lens,  the  heat  evolved  was  scarce  sensible  to 
the  hand. 

Scheele,  in  his  treatise  on  Air  and  Fire,  published  Scheele- 
in  1777,  made  many  important  and  new  observa- 
tions on  the  radiation  of  heat.  He  observed  that 
the  radiant  heat  from  the  fire  passes  through  the 
air  without  heating  that  fluid,  and  that  no  aerial 
currents,  however  strong,  have  any  tendency  to 
intercept  it.  If  we  interpose  a  pane  of  glass 
between  the  fire  and  our  face,  the  light  passes 
through  the  glass  with  but  little  diminution ;  but 
the  whole  of  the  heat  is  intercepted.  A  glass  mir- 
ror reflects  the  light  of  a  fire,  but  not  its  heat,  which 
it  absorbs  and  retains,  while  a  polished  metallic 
mirror  reflects  both  the  light  and  the  heat.  The 
glass  when  placed  before  the  fire  soon  becomes  hot, 
but  a  polished  metal  may  be  held  a  long  time  in 
that  position  without  becoming  sensibly  warm. 
But  if  we  blacken  its  surface  by  holding  it  over  a 
burning  candle  it  cannot  be  kept  four  minutes  in 
the  hand  opposite  the  fire  without  acquiring  so 
much  heat  as  to  excite  pain.* 

These  experiments  of  Scheele  were  repeated  and  |™sesture' 
varied  by  Saussure,  Pictet,  and  King,  between  the        ' 
years  1785  and  1790 ;  they  were  the  first  to  intro- 

*  Scheele  on  Air  and  Fire,  p.  66.  English  Transl. 
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chap.  i.  duce  specula  of  tin,  which  considerably  facilitated 


the  future  investigation  of  the  subject. 

ID  tne  7ear  1800>  an  elaborate  paper  on  the  heat 
of  the  solar  rays,  was  published  in  the  Philosophical 
Transactions  by  Sir  William  Herschell.  He  had 
been  occupied  in  making  telescopic  observations 
on  the  sun,  and  employed  coloured  glasses  to 
enable  him  to  look  at  that  luminary.  But  found 
that  when  they  were  dark  enough  to  exclude  the 
excess  of  light,  they  soon  became  so  hot  as  to 
crack  and  break  in  pieces.  This  led  him  to  inves- 
tigate the  heating  powers  of  the  different  coloured 
rays  of  the  solar  spectrum. 

It  is  well  known  that  when  a  solar  ray  is  made 
to  pass  through  a  triangular  prism  of  glass,  and 
received  upon  a  white  plane  at  some  considerable 
distance,  instead  of  a  round  image  of  the  sun,  it 
forms  an  oblong  spectrum  consisting  of  seven  dif- 
ferent coloured  rays  ;  namely,  red,  orange,  yellow, 
green,  blue,  indigo,  and  violet,  of  which  the  red  is 
the  least  and  the  violet  the  most  refracted,  and  the 
refrangibility  of  the  others  is  in  the  order  of  their 
names.  He  found  (as  had  been  done  before  him) 
that  the  violet  ray  possesses  the  least  heating  power, 
and  that  the  heating  power  of  the  spectrum  in- 
creases from  the  violet  end  to  the  red  extremity  of 
the  spectrum.  The  following  little  table  shows 
the  rays,  the  rise  of  the  thermometer  in  the  violet  ray,  the 
green  ray  and  the  red  ray. 

Violet  .  16° 

Green  .  22-4 

Red  55 
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Herschell  had  previously  examined  the  illumin-  Sect.  v. 
ating  power  of  the  different  coloured  rays  of  the  ~~ 
spectrum,  and  he  found  that  the  greatest  illumi- 
nating power  resided  in  the  middle  of  the  spec- 
trum, that  part  of  it  in  which  the  yellow  and  the 
green  pass  into  each  other.     The  violet  ray  has 


the  least  illuminating  power,  that  of  the  red  ray  is  P°wer- 
greater,  though  much  less  than  the  yellow-green, 
the  illuminating   powers  of  these   three   rays   he 
found  as  follows. 

Violet  '•".-•          1 

Red  .  2 

Yellow-green         .  4 

This  remarkable  difference  between  the  law  which 
the  rays  of  the  solar  spectrum  follow  in  illuminat- 
ing and  heating  bodies,  led  Herschell  to  suspect 
that  in  all  probability  the  heating  power  does  not 
terminate  with  the  visible  spectrum,  but  extends  to 
some  distance  beyond  it.  Upon  placing  the  ther- 
mometer below  the  limit  of  the  solar  spectrum,  he 
found  that  it  still  continued  to  rise.  The  maximum 
point  of  elevation  lay  between  I  and  I  inch  beyond 
the  red  ray,  the  spectrum  being  received  on  a 
board  52  inches  distant  from  the  prism.  The 
heating  power  still  continued  sensible  at  the  distance 
of  1|  inch  from  the  extremities  of  the  red  ray. 

These  experiments  were  repeated  soon  after  by 
Mr.  Leslie,  who  employed  for  the  purpose  his  dif-  Leslie. 
ferential  thermometer.     He  found  the  greatest  heat 
in  the  red  ray,  and  no  effect  whatever  beyond  the 
visible  spectrum.      This  induced  him    to  call  in 
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chap.  i.  question  the  accuracy  of  Herschell's  observations, 
and  to  refuse  his  assent  to  them.*  Landriani  had 
already  announced  that  the  greatest  heat  of  the  pris- 
matic spectrum  was  in  the  yellow  ray  ;t  and  Rochon 
had  found  the  point  of  greatest  heat  situated  be- 
tween the  yellow  and  the  red  ray  ;t  but  the  obser- 
vations of  these  philosophers  do  not  seem  to  have 
been  known  either  to  Herschell  or  Leslie. 

?ddfngle"  Sir  Henry  Englefield  repeated  Herschell's  experi- 
ments soon  after  the  appearance  of  Leslie's  paper. 
His  results  agreed  with  those  of  Herschell.  He 
found  the  greatest  heat  beyond  the  limit  of  the  red 
ray.§ 

of  Berard.  They  were  repeated  again  in  1813  by  M.  Berard 
in  Berthollet's  laboratory,  by  means  of  an  appara- 
tus furnished  at  the  expense  of  that  eminent  che- 
mical philosopher.  He  employed  a  heliostade  by 
means  of  which  the  prismatic  spectrum  was  ren- 
dered stationary.  He  found  the  heating  power  of 
the  violet  ray  least,  and  it  gradually  augmented  as 
the  thermometer  passed  towards  the  red  extremity 
of  the  spectrum.  But  the  heating  power  did  not 
terminate  with  the  red  ray ;  it  was  sensible  half  an 
inch  beyond  it;  though  at  that  distance  it  was 
diminished  to  one-fifth.ll 


*  Nicholson's  4to  Journal,  iv.  244. 

t  Volta  ;  lettere  sull'aria  inflamabile  nativa  della  paludi ;  1777, 
p.  136. 

f  Recueil  de  Memoires,  sur  la  Mecanique  et  la  Physique,  1785, 
p.  348. 

§  Royal  Institution  Journ.  1802,  p.  202. 

II  Ann.  de  Chim.  Ixxxv.  309. 
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These  different  experiments  and  observations  ap-    s«ct- v- 
peared  so  contradictory,  and  so  inconsistent  with  ~ 
each  other,  that  chemists  were  at  a  loss  what  con- 
clusions  to    draw.      The    subject   was    partially 
elucidated  by  Wunch,*  and  still  more  completely 
by  Seebeck,t  whose  experiments   appear  to  have 
been  continued  for  at  least  ten  years.     Seebeck  Experi- 

»  incuts  oi 

found,  as  all  preceding  observers  had  done,  that  the 
thermometer  was  elevated  when  placed  in  any  one 
of  the  coloured  rays  of  the  solar  spectrum.  But 
the  position  of  the  point  of  greatest  intensity  de- 
pends upon  the  nature  of  the  prism  by  which  these 
rays  are  refracted. 

When  a  hollow  glass  prism  filled  with  water,  or 
oil  of  turpentine,  or  alcohol,  is  employed,  the  point 
where  the  intensity  of  the  heat  is  the  greatest  is 
situated  in  the  yellow  ray. 

When  the  prism  is  filled  with  a  solution  of  corro- 
sive sublimate,  and  sal  ammoniac,  (recommended  by 
Blair  in  his  paper  on  the  achromatic  telescope),  or 
with  sulphuric  acid,  the  greatest  heat  is  in  the 
orange  ray. 

When  the  prism  is  of  crown  glass  or  common 
white  glass,  the  greatest  heat  is  in  the  red  ray. 

When  flint  glass  prisms  are  used,  the  heat  is 
greatest  without  the  spectrum  at  some  distance  be- 
yond the  red  ray.  When  Bohemian  flint  glass 
prisms  were  employed,  the  greatest  heat  was  still 

*  Magazin  der  Gesellsch.  naturf.  Freund.  in  Berlin,  1807. 
t  Alhandl.   der    Konigk.    Alad.    Wissenschaften,    in    Berlin, 
1818-19,  p.  305. 
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chap.  i.  beyond  the  red  ray ;  but  nearer  than  when  English 
~~  flint  glass  prisms  were  employed. 

These  facts  being  known  and  understood,  it  is 
easy  to  account  for  the  different  results  obtained 
by  different  experimenters.  They  depended  ob- 
viously upon  the  kind  of  prism  employed  by  each. 

Thus  it  is  established  that  heating  rays  are  found 
in  every  part  of  the  coloured  spectrum  ;  but  they 
are  accumulated  in  greatest  abundance  at  the  least 
refracted  end.  When  a  flint  glass  prism  is  used 
they  are  accumulated  in  greatest  abundance  beyond 
the  red  ray,  and  quite  beyond  the  visible  spectrum. 
Since  the  heating  and  illuminating  rays  may  be  thus 
separated,  we  have  no  evidence  that  they  are  the 
same.  They  seem  rather  to  consist  of  two  distinct 
kinds  of  ray,  one  of  which  illuminates,  and  the 
other  heats  objects. 

Besides  these  two  species  of  rays,  the  solar  spec- 
trum  appears  to  contain  a  third  species  of  ray, 
which  has  been  distinguished  by  the  name  of  che- 
mical ray,  because  it  produces  chemical  changes  on 
bodies.  If  a  piece  of  chalk  be  immersed  in  a  solu- 
tion of  nitrate  of  silver,  and  then  exposed  to  the 
direct  rays  of  the  sun,  it  acquires  a  dark  colour, 
owing  to  the  deposition  of  a  thin  pellicle  of  silver 
upon  its  surface.  Chloride  of  silver  is  almost  in- 
stantly blackened  by  exposure  to  the  direct  rays 
of  the  sun.  In  the  same  manner  oxides  of  gold 
and  mercury  are  reduced  when  exposed  to  the 
solar  ray.  Scheele,  and  after  him  Senebier,  found 
that  these  changes  are  not  produced  by  the  red  ray, 
nor  by  the  rays  near  the  least  refrangible  end  of 
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the  spectrum.     A  feeble  effect  is  produced  by  the   Sect-  v- 
green  ray  ;  but  the  greatest  and  most  rapid  altera- "~ 
tion  is  produced  when  the  oxides  or  chlorides  are 
exposed  to  the  violet  or  most  refrangible  ray. 

When  plants  grow  in  the  dark,  they  are  said  to 
be  etiolated,  and  their  colour  is  white.  When  such 
a  plant  is  exposed  to  sunshine,  it  speedily  begins  to 
assume  a  green  colour.  Now  in  this  case  also,  the 
least  refrangible  rays  have  but  little  or  no  effect ; 
but  the  change  takes  place  rapidly,  when  the  plant 
is  placed  in  the  violet  ray.  Berard  found  that  when 
the  least  refrangible  half  of  the  solar  spectrum  is 
collected  into  a  focus  by  a  convex  glass,  it  forms 
an  exceedingly  brilliant  and  colourless  light,  into 
which  chloride  of  silver  may  be  kept  without  under- 
going any  alteration  in  colour.  But  when  it  is  put 
into  the  focus  formed  by  concentrating  the  most 
refrangible  half  of  the  spectrum,  though  this  focus 
is  much  less  brilliant,  it  blackens  in  a  few  minutes. 
Dr.  Wollaston  found  that  chloride  of  silver  black- 
ened  still  more  speedily,  than  it  did  in  the  violet 
ray,  when  placed  entirely  above  the  visible  spectrum 
at  some  distance  from  the  limit  of  the  violet  ray. 
The  same  result  was  obtained  nearly  about  the 
same  time,  by  Messrs.  Ritter  and  Bockmann  in 
Germany.  Thus  it  appears  that  the  chemical  rays 
are  still  more  refrangible  than  the  illuminating  rays, 
and  that  they  extend  beyond  them.* 

*  Seebeck  observed  that  chloride  of  silver  when  put  into  the  red 
ray,  acquires  a  pale  rose  colour.  This  is  occasioned  by  the  heat, 
and  the  effect  accordingly  is  greatest  in  the  hottest  part  of  the  spec- 
trum. 
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chap.  i.       The  solar  spectrum  then  consists  of  at  least  three 
Soiar         distinct  species  of  rays  ;  namely,  illuminating  rays, 
tahi™  three  constituting  the  visible  spectrum  ;  heating  rays,  less 
kmdsof     refrangible  than  the  visible  rays,  and  varying  in  the 
place  of  their  greatest  intensity  according  to  the 
nature  of  the  prism  through  which  they  are  made 
to  pass  ;  and  chemical  rays,  more  refrangible  than 
the  others,  and  having  the  place  of  their  greatest 
intensity  beyond  the  uppermost  imit  of  the  visible 
spectrum.     These   three   kinds   of  rays   move  in 
straight  lines  from  the  sun.    We  know  not  whether 
they  all  possess  the  same  velocity ;  though  there 
is  no  proof  whatever  of  any  difference  in  this  respect. 
dfateVfrom      Rajs  of  heat  are  capable  of  radiating  from  the 
surfaces,     surface  of  hot  bodies,  precisely  as  rays  of  light  do 
from  luminous  bodies.     The  most  important  facts 
respecting  the  differences  between  bodies  as  radi- 
ators of  heat,  were  ascertained  by  Mr.  Leslie  of 
Edinburgh,  and  made  known  by  the  publication  of 
his  Treatise  on  Heat,  in  1804.     It  will  be  proper 
to  give  a  view  of  the  most  important  facts  dis- 
covered by  this  very  ingenious  experimenter. 
Effect  of         i.  jyjn  Leslie  filled  with  hot  water  a  thin  globe 

surface  on  ...  . 

cooling.  Of  bright  tin,  four  inches  in  diameter,  having  a 
narrow  neck,  and  placed  it  on  a  slender  frame  in  a 
warm  room  without  a  fire.  The  thermometer  in- 
serted in  this  globe  sunk  half  way  from  the  original 
temperature  of  the  water  to  that  of  the  room  in  156 
minutes.  The  same  experiment  was  repeated,  but 
the  outside  of  the  globe  was  now  covered  with  a 
thin  coat  of  lamp  black.  The  time  elapsed  in  cool- 
ing to  the  same  temperature  as  in  the  last  case  was 
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now  only  81  minutes.*     Here  the  rate  of  cooling  Sect.  v. 
was  nearly  doubled ;  yet  the  only  difference  was  ~" 
the  thin  covering  of  lamp  black.     Nothing  can 
afford  a  more  striking  proof  than  this  of  the  effect 
of  the  surface  of  the  hot  body  on  the  rate  of  its 
cooling. 

Count  Rumford  took  two  thin  cylindrical  brass 
vessels  of  the  same  size  and  shape,  filled  them  both 
with  hot  water  of  the  same  temperature,  and  clothed 
the  one  with  a  covering  of  Irish  linen,  but  left  the 
other  naked.  The  naked  vessel  cooled  ten  degrees 
in  55  minutes,  but  the  one  covered  with  linen 
cooled  ten  degrees  in  36 \  minutes.t  In  this  expe- 
riment, the  linen  produced  a  similar  effect  with  the 
lamp  black  in  the  preceding.  Instead  of  retarding 
the  escape  of  heat,  as  might  have  been  expected, 
they  produced  the  contrary  effect.  The  same 
acceleration  took  place  when  the  cylinder  was 
coated  with  a  thin  covering  of  glue,  of  black  or 
white  paint,  or  when  it  was  smoked  with  a  candle. 

2.  The  variation  in  the  rate  of  cooling  occasioned  Greatest  in 

still  air. 

by  coating  the  hot  vessel  with  different  substances 
is  greatest  when  the  air  of  the  room  in  which  the 
experiments  are  made  is  perfectly  still.  The  dif- 
ference diminishes  when  the  atmosphere  is  agitated, 
and  in  very  strong  winds  it  disappears  almost 
entirely.  Thus  two  globes  of  tin,  one  bright,  the 
other  covered  with  lamp  black,  being  filled  with 
hot  water,  and  exposed  to  winds  of  various  degrees 


*  Leslie's  Inquiry  into  the  Nature  of  Heat,  p.  268. 
t  Nicholson's  Jour.  ix.  60. 
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chap.  i.  of  violence,  were  found  by  Mr.  Leslie  to  lose  half 
~~  their  heat  in  the  following  times  :* 


Clean  Globe.    Blackened  Globe. 


In  a  gentle  gale         .        44'  35' 

In  a  pretty  strong  breeze  23'  20^' 

In  a  vehement  wind          9*5'  9' 

This  is  sufficient  to  convince  us,  that  the  effect  of 
the  lamp  black  in  accelerating  cooling  cannot  be 
owing  to  any  power  which  it  has  of  conducting  heat, 
and  communicating  it  to  the  air,  but  to  the  pro- 
perty which  it  has  of  radiating  heat  (to  use  the 
common  expression)  in  a  greater  degree  than  clear 
metallic  bodies.t  That  this  is  in  reality  the  case  is 
easily  shown. 

3.  When  a  canister  of  tin,  of  a  cubic  shape  and 
considerable  size,  is  placed  at  the  distance  of  a  foot 
or  two  from  a  concave  mirror  of  bright  polished 
brass,  having  a  delicate  thermometer  in  the  focus, 
the  thermometer  experiences  a  certain  elevation. 
If  the  canister  be  coated  with  lamp  black,  the  ther- 
mometer rises  much  higher  than  when  the  metal  is 
left  bright.  Here  we  perceive  that  more  heat  radi- 
ates from  the  lamp  black  than  the  clear  metal ;  since 
the  elevation  of  the  thermometer  is  in  some  degree 
the  measure  of  the  radiation.  A  common  ther- 
mometer does  not  answer  well  in  similar  experi- 
ments, because  it  is  affected  by  every  change  of 

*  Inquiry  into  the  Nature  of  Heat,  p.  271. 

t  Petit  and  Dulong  have  shown  by  direct  experiments  that  the 
quantity  of  heat  taken  away  from  hot  bodies  by  gas  by  conduction 
is  independent  of  the  nature  of  the  surface  of  the  hot  body.  See 
Annals  of  Philosophy,  xiii.  322. 


ter. 
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temperature  in  the  room  in  which  the  experiments  Sect- v- 
are  made.  But  Mr.  Leslie  has  invented  another, 
to  which  we  are  indebted  for  all  the  precision  that 
has  been  introduced  into  the  subject.  He  has  dis- 
tinguished  it  by  the  name  of  the  differential  ther- 
mometer. It  was  employed  also  by  Count  Rum- 
ford  in  his  researches. 

This  thermometer  consists  of  a  small  glass  tube 
bent  into  the  shape  of  the  letter  U,  and  terminating 
at  each  extremity  in  a  small  hollow  ball,  nearly  of 
the  same  size ;  the  tube  contains  a  little  sulphuric 
acid  tinged  red  with  carmine,  and  sufficient  to  fill 
the  greatest  part  of  it.  The  glass  balls  are  full  of 
air,  and  both  communicate  with  the  intermediate 
tube.  To  one  of  the  legs  of  the  tube  is  affixed  a 
small  ivory  scale  divided  into  100  degrees ;  and  the 
sulphuric  acid  is  so  disposed,  that  in  the  graduated 
leg  its  upper  surface  stands  opposite  to  the  part  of 
the  scale  marked  0.  The  glass  ball  attached  to  the 
leg  of  the  instrument  to  which  the  scale  is  attached, 
is,  by  way  of  distinction,  called  the  focal  ball. 
Suppose  this  thermometer  brought  into  a  warm 
room,  the  heat  will  act  equally  upon  both  balls,  and 
expanding  the  included  air  equally  in  each,  the 
liquor  in  the  tube  will  remain  stationary.  But 
suppose  the  focal  ball  exposed  to  heat  while  the 
other  ball  is  not ;  in  that  case  the  air  included  in 
the  focal  ball  will  expand,  while  that  in  the  other 
is  not  affected.  It  will  therefore  press  more  upon 
the  liquid  in  the  tube,  which  will  of  course  advance 
towards  the  cold  ball,  and  therefore  the  liquid  will 
rise  in  the  tube  above  0,  and  the  rise  will  be  pro- 
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Chap.  i.  portional  to  the  degree  of  heat  applied  to  the  focal 
~  ball.     This  thermometer,   therefore,   is  peculiarly 
adapted  for  ascertaining  the  degree  of  heat  accu- 
mulated in  a  particular  point,  while  the  surround- 
ing atmosphere  is  but  little  affected,  as  happens  in 
the  focus  of  a  reflecting  mirror.     No  change  in  the 
temperature  of  the  room  in  which  the  instrument  is 
kept  is  indicated  by  it,  while  the  slightest  alteration 
in  the  spot  where  the  focal  ball  is  placed  is  imme- 
*    diately  announced  by  it. 

In  making  experiments  on  the  radiation  of  heat, 
Mr.  Leslie  employed  hollow  tin  cubes,  varying  in 
size  from  three  inches  to  ten,  filled  with  hot  water, 
and  placed  before  a  tin  reflector,  having  the  differ- 
ential thermometer  in  the  focus.  The  reflector 
employed  was  of  the  parabolic  figure,  and  about  14 
inches  in  diameter.  This  apparatus  afforded  the 
means  of  ascertaining  the  effect  of  different  surfaces 
in  radiating  heat.  It  was  only  necessary  to  coat 
the  surface  of  the  canister  with  the  various  sub- 
stances whose  radiating  properties  were  to  be  tried, 
and  expose  it,  thus  coated  and  filled  with  hot  water, 
before  the  reflector.  The  heat  radiated  in  each 
case  would  be  collected  into  the  focus  where  the 
focal  ball  of  the  differential  thermometer  was  placed, 
and  the  rise  of  this  instrument  would  indicate  the 
proportional  radiation  of  each  surface.  These 
experiments  were  conducted  with  much  address. 
The  following  are  the  principal  results  obtained. 
Radiation  4.  When  the  nature  and  position  of  the  canister 
cessofehxeat  js  the  same,  the  rise  of  the  differential  thermometer 

above  the  . 

»ir-  is  always,  proportional  to  the  difference  between  the 
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temperature  of  the  hot  canister  and  that  of  the  air   Sect.  v. 
in  the  room  in  which  the  experiment  is  made.* 

5.  When  the  temperature  of  the  canister  is  the  t^?rem°{fme_ 
same,  the  effect  upon  the  differential  thermometer 
diminishes  as  the  distance  of  the  canister  increases 
from  the  reflector,  the  focal  ball  being  always  under- 
stood to  be  placed  in  the  focus  of  the  mirror.  Thus 
if  the  rise  of  the  thermometer,  when  the  canister 
was  three  feet  from  the  mirror,  be  denoted  by  100, 
it  will  amount  only  to  57  when  the  canister  is 
removed  to  six  feet.  On  substituting  a  glass 
mirror  for  the  reflector,  and  a  charcoal  fire  for  the 
canister,  when  the  fire  was  at  the  distance  of  10 
feet  the  thermometer  rose  37°,  and  at  the  distance 
of  30  feet  it  rose  21°.t  From  Mr.  Leslie's  experi- 
ments it  follows,  that  the  effect  on  the  thermometer 
is  very  nearly  inversely  proportional  to  the  distance 
of  the  canister  from  the  reflector.  He  found  like- 
wise that  when  canisters  of  different  sizes  were 
used,  heated  to  the  same  point,  and  placed  at  such 
distances  that  they  all  subtended  the  same  angle  at 
the  reflector ;  in  that  case  the  effect  of  each  upon 
the  differential  thermometer  was  nearly  the  same. 
Thus  a  canister  of 

3  inches  at     3  feet  distance  raised  the  thermometer    50° 

4  inches  —     4  feet         .      „.,*,,,.•         .         •          .    54 
6  inches  -     6  feet         .         .         .        ~.'     '"Y '   *^. "  57 

10  inches  -  10  feet         .'      -"j         •      ,  -• '       *~'      •.  59 

From  these  experiments  we  learn,  that  the  effect 

*  Leslie,  p.  14.  f  Ibid.  p.  51. 
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cimp.  i.   of  the  canister  upon  the  thermometer  is  nearly 

"proportional  to  the  angle  which  it  subtends,  and 

likewise  that  the  heat  radiated  from  the  canister 

suffers  no  sensible  diminution  during  its  passage 

through  the  air. 

Heat  ra-         £   Heat  radiates  from  the  surface  of  hot  bodies 

diates  in  all 

directions.  jn  au  directions  ;  but  from  Mr.  Leslie's  experi- 
ments we  learn,  that  the  radiation  is  most  copious 
in  the  direction  perpendicular  to  the  surface  of 
the  hot  body.  When  the  canister  is  placed  in  an 
oblique  position  to  the  reflector,  the  effect  dimin- 
ishes, and  the  diminution  increases  with  the  obli- 
quity of  the  canister.  Mr.  Leslie  has  shown,  that 
the  effect  in  all  positions  is  proportional  to  the 
visual  magnitude  of  the  canister  as  seen  from  the 
reflector,  or  to  its  orthographic  projection.  Hence 
the  action  of  the  heated  surface  is  proportional  to 
the  sine  of  its  inclination  to  the  reflector. 

Such  are  the  effects  of  the  temperature,  the 
distance,  and  position  of  the  canister  with  respect 
to  the  reflector.  None  of  these,  except  the  first, 
occasion  any  variation  in  the  quantity  of  heat 
radiated,  but  merely  in  that  portion  of  it  which  is 
collected  by  the  mirror  and  sent  to  the  focal  ball ; 
but  the  case  is  different  when  the  surface  of  the 
canister  itself  is  altered. 

7.  Mr.  Leslie  ascertained  the  power  of  different 
substances  to  radiate,  by  applying  them  in  suc- 
cession to  a  side  of  the  canister,  and  observing 
what  effect  was  produced  upon  the  differential 
thermometer.  The  following  table  exhibits  the 
relative  power  of  the  different  substances  tried  by 


HEAT. 


145 


that  philosopher,  expressed  by  the  elevation  of  the   Sect-  v- 
differential  thermometer  produced. 


Lamp  black  .          100 
Water  by  estimate       1004- 

Writing  paper  98 

Rosin          .  96 

Sealing  wax  95 

Crown  glass  90 

China  ink  88 

Ice               .  85 

Minium  80 


Isinglass       ,f> .  80 

Plumbago  75 

Tarnished  lead  45 

Mercury  :  \  r«  20  + 

Clean  lead  "?tr  _.  19 

Iron  polished      4-  '  15 

Tin  plate  12 

Gold,  silver,  copper  12 


Radiating 
power  of 
different 
bodies. 


From  this  table  it  appears,  that  the  metals  radiate 
much  worse  than  other  substances,  and  that  tin 
plate  is  one  of  the  feeblest  of  the  metallic  bodies 
tried.  Lamp  black  radiates  more  than  eight  times 
as  much  as  this  last  metal,  and  crown  glass  7'^ 
times  as  much. 

8.  Such  are  the  radiating  powers  of  different 
substances.  But  even  when  the  substance  con- 
tinues the  same,  the  radiation  is  very  considerably 
modified  by  apparently  trifling  alterations  on  its 
surface.  Thus  metals  radiate  more  imperfectly 
than  other  bodies ;  but  this  imperfection  depends 
upon  the  brightness  and  smoothness  of  their  sur- 
face. When,  by  exposure  to  the  air,  the  metal  increased 

..,.,.  ,,  -11       by  tarnish- 

acquires  that  tarnish  which  is  usually  ascribed  at  ing. 

present  to  oxidizement,  the  power  of  radiating 
heat  is  greatly  increased.  Thus  it  appears  from 
the  preceding  table,  that  the  radiating  power  of 
lead  while  bright  is  only  19  ;  but  when  its  surface 
becomes  tarnished,  its  radiating  power  becomes  no 
less  than  45.  The  same  change  happens  to  tin, 
and  to  all  the  metals  tried. 
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chap.  i.       When  the  smoothness  of  the  surface  is  destroyed 

And       ~~  ^7  scratching  the   metal,  its  radiating  power  is  in- 

th?surfa?e.  creased.     Thus  if  the  effect  of  a  bright  side  of  the 

canister  be  12,  it  will  be  raised  to  22  by  rubbing 

the  side  in  one  direction  with  a  bit  of  fine  sand 

paper.*     But  when  the  surface  is  rubbed  across 

with  sand  paper,  so  as  to  form  a  new  set  of  furrows 

intersecting  the  former  ones,  the  radiating  power 

is  again  somewhat  diminished. 

9.   The  radiating  power   of  the   different  sub- 
stances examined  was  ascertained  by  applying  a 
thin  covering  of  each  to  one  of  the  sides  of  the 
Varies  with  canister.     Now  this  coat  may  vary  in  thickness  in 

the  thick-  -  n 

ness  of  the  any  given  degree.     It  becomes  a  question  or  some 

coating.  "     !  u 

importance  to  ascertain,  whether  the  radiating 
power  is  influenced  by  the  thickness  to  a  given 
extent,  or  whether  it  continues  the  same  whatever 
be  the  thickness  of  the  covering  coat.  This  ques- 
tion Mr.  Leslie  has  likewise  resolved.  On  a  bright 
side  of  a  canister  he  spread  a  thin  coat  of  liquified 
jelly,  and  four  times  the  quantity  upon  another 
side ;  both  dried  into  very  thin  films.  The  effect 
of  the  thinnest  film  was  38,  that  of  the  other  54. 
In  this  case  the  effect  increased  with  the  thickness 
of  the  coat.  The  augmentation  goes  on  till  the 
thickness  of  the  coat  of  jelly  amounts  to  about 
TFO  odth  of  an  inch ;  after  which  it  remains  stationary. 
When  a  surface  of  the  canister  was  rubbed  with 
olive  oil,  the  effect  was  51 :  a  thicker  coat  of  oil 
produced  an  effect  of  59-  Thus  it  appears  that 
when  a  metallic  surface  is  covered  with  a  coat  of 

*  Leslie,  p.  81. 
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jelly  or  oil,  the  effect  is  proportional  to  the  thick-  Set:t-  v- 
ness  of  the  coat,  till  this  thickness  amounts  to  a 
certain  quantity;  but  when  a  vitreous  surface  is 
covered  by  very  thin  coats  of  metal,  no  such 
change  is  perceived.  A  canister  was  employed, 
one  of  the  sides  of  which  was  a  glass  plate.  Upon 
this  plate  were  applied,  in  succession,  very  fine 
coats  of  gold,  silver,  and  copper  leaf.  But  not- 
withstanding their  thinness,  the  effect  was  only  12, 
or  the  same  that  would  have  been  produced  by  a 
thick  coat  of  these  very  metals.  But  when  glass 
enamelled  with  gold  is  used,  the  effect  is  some- 
what increased;  a  proof  that  varying  the  thickness 
of  the  metallic  coats  would  have  the  same  effect  as 
varying  the  thickness  of  jelly,  provided  they  could 
be  procured  of  sufficient  tenuity.*  As  long  as  an 
increase  of  thickness  alters  the  radiating  power  of 
the  coat,  it  is  obvious  that  the  surface  of  the  canis- 
ter below  exerts  a  certain  degree  of  energy.  And 
the  action  exerted  by  metallic  bodies  appears  to  be 
greater  than  that  exerted  by  vitreous  bodies. 

10.  Such  are  all  the  circumstances  connected 
with  the  radiating  surface  hitherto  observed,  which 
influence  its  power.  For  hitherto  it  has  been  im- 
possible to  ascertain  the  efficacy  of  hardness  and 
softness,  or  of  colour,  upon  radiation  ;  though  it 
appears,  from  Mr.  Leslie's  experiments,  not  unlikely 
that  softness  has  a  tendency  to  promote  radiation. t 
But  as  the  effect,  as  far  at  least  as  measured  by  the 
differential  thermometer,  depends  not  only  upon 

*  Leslie,  p.  HO.  t  Ibid.  p.  90. 
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chap.  i.  the  radiating  surface,  but  likewise  upon  the  surface 
of  the  focal  ball,  and  likewise  of  the  reflector ;  it 
will  be  necessary  also  to  consider  the  modifications 
produced  by  alterations  in  the  surface  of  these 
bodies.  This  inquiry,  for  which,  like  the  preceding, 
we  are  indebted  to  Mr.  Leslie,  will  throw  consider- 
able light  on  the  nature  of  radiation, 

ll-  When  the  focal  ball  is  in  its  natural  state, 
is  to  say,  when  its  surface  is  vitreous,  it  has 
been  already  observed,  that  the  side  of  the  hot 
canister  coated  with  lamp  black  raises  the  thermo- 
meter 100°.  If  the  experiment  be  repeated,  cover- 
ing the  focal  ball  with  a  smooth  surface  of  tinfoil, 
instead  of  rising  to  100°,  the  thermometer  will  only 
indicate  20°.  A  bright  side  of  the  canister  will 
raise  the  thermometer,  when  the  focal  ball  is  naked, 
12° ;  but  when  the  ball  is  covered  with  tinfoil,  the 
elevation  will  not  exceed  21  degrees.*  From  these 
experiments  it  is  obvious,  that  metal  not  only  radi- 
ates heat  worse  than  glass,  but  likewise  that  it  is 
not  nearly  so  capable  of  imbibing  it  when  the  rays 
strike  against  its  surface.  If  the  surface  of  the  tin- 
foil be  furrowed  by  rubbing  it  with  sand  paper,  the 
effect  produced  when  the  focal  ball  is  exposed  in 
the  focus  will  be  considerably  increased.t  It  has 
been  already  observed  that  the  radiating  power  of 
tin  is  likewise  increased  by  scratching  it.  These 
facts  entitle  us  to  conclude,  that  those  surfaces 
which  radiate  heat  most  powerfully,  likewise  absorb 
it  most  abundantly  when  it  impinges  against  them. 

*  Leslie,  p.  19.  t  Ibid.  p.  81. 
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12.  The  very  contrary  holds  with  respect  to  the   secft  v. 
reflectors,   as  might  indeed  have  been   expected. 
Those  surfaces  which  radiate  heat  best,  reflect  it  Reflection 

v  inversely  as 

worst;  while  the  weakest  radiating  surfaces  are  radiation, 
the  most  powerful  reflectors.  Metals  of  course  are 
much  better  reflectors  than  glass.  When  a  glass 
mirror  was  used  instead  of  the  tin  reflector,  the 
differential  thermometer  rose  only  one  degree; 
upon  coating  the  surface  of  the  mirror  with  lamp 
black,  all  effect  was  destroyed ;  when  covered  with 
a  sheet  of  tinfoil  the  effect  was  10°.* 

To  compare  the  relative  intensity  of  different 
substances  as  reflectors,  Mr.  Leslie  placed  thin 
smooth  plates  of  the  substances  to  be  tried  before 
the  principal  reflector,  and  nearer  than  the  proper 
focus.  A  new  reflection  was  produced,  and  the 
rays  were  collected  in  a  focus  as  much  nearer  the 
reflector  than  the  plate  as  the  old  focus  was  farther 
distant.  The  comparative  power  of  the  different  ^^j"* 
substances  tried  was  as  follows  :t  various  bo- 

dies. 


Brass 

Silver 
Tinfoil 
Block  tin 
Steel 


Lead  ...       60 

Tinfoil  softened  by  mercury  10 
Glass        ^11  10 


100 
90 
85 

80 !  Ditto  coated  with  wax  or  oil  5 
70 1 


When  the  polish  of  the  reflector  is  destroyed  by 
rubbing  it  with  sand  paper,  the  effect  is  very  much 
diminished.  When  the  reflector  is  coated  over  with 
a  solution  of  jelly,  the  effect  is  diminished  in  pro- 
portion as  the  thickness  of  the  coat  increases,  till 

*  Leslie,  p.  20.  f  Ibid.  p.  98. 
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chap.  i.  its  diameter  amounts  to  yoWth  part  of  an  inch. 


The  following  table  exhibits  the  intensity  of  the 
reflector  coated  with  jelly  of  various  degrees  of 
thickness.* 


Thickness  of  coat. 

Naked  Reflector         .         .         .          127 

1  Qft 

O'  ..... 

1 


TO<JUTT       .....  39 

•      \ffi        ...  29 

-  ...  21 


All  these  phenomena  are  precisely  what  might 
have  been  expected,  on  the  supposition  that  the  in- 
tensity of  reflection  is  inversely  that  of  radiation. 
Mr.  Leslie  has  shown  that  it  is  the  anterior  surface 
of  reflectors  only  that  acts.  For  when  a  glass  mir- 
ror is  employed,  its  power  is  not  altered  by  scraping 
off  the  tin  from  its  back,  nor  by  grinding  the  pos- 
terior surface  with  sand  or  emery.t 

13.  Such  are  the  phenomena  of  the  radiation  of 
heat  as  far  as  the  radiating  surface,  the  reflector, 
and  the  focal  ball  are  concerned.  It  cannot  be 
doubted  from  them,  that  heat  is  actually  radiated 
from  different  surfaces,  and  that  bodies  vary  consi- 
derably in  their  radiating  power.  We  have  seen 
also  that  substances  differ  no  less  from  each  other 
in  their  power  of  reflecting  heat,  and  that  the  in- 

*  Leslie,  p.  106.  f  Ibid.  p.  21. 
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tensity  of  the  latter  power  is  always  the  inverse  of  **<*•  v. 
the  intensity  of  the  former.     Before  we  can  be  able  " 
to  form  a  judgment  of  the  way  in  which  the  heat  is 
conveyed  in  these  cases,  it  will  be  necessary  to  ex- 
amine the  effect  of  the  different  mediums  in  which 
the  radiation  may  take  place,  and  the  obstructions 
occasioned  by  putting  different  substances  between 
the  radiating  surface  and  the  reflector.     Both  of 
'these  points  have  been   examined  by  Mr.   Leslie 
with  his  usual  acuteness. 

14.  Radiation  is  confined  to  elastic  fluids,  and 
does  not  take  place  to  a  sensible  degree  when  the 
medium  in  which  the  hot  body  is  placed  is  either 
a  solid  or  a  liquid  body.     From  the  experiments  of 
Leslie,  compared  with  those  of  Dulong  and  Petit, 
we  are  entitled  to  conclude  that  the  radiation  is  the 
same  whatever  the  elastic  fluid  be  that  surrounds  the 
hot  body.  The  rapidity  of  cooling  varies  with  the  dif- 
ferent gases,  and  with  the  density  of  the  gases  that 
surround  the  hot  body  ;  but  this  variation  is  owing 
not  to  any  alteration  in  the  radiation  ;  but  to  differ- 
ences in  the  conducting  powers    of   the  gaseous 
bodies  themselves.     Dulong  and  Petit  have  shown 
that  hot  bodies  are  capable  of  cooling  in  an  abso- 
lute vacuum,  and  the  loss  of  each  in   such  a  case 
can  be  ascribed  only  to  radiation.     Hence  it  is  ob- 
vious that  Professor  Leslie's  theory  that  the  radia- 
tion of  heat  is  owing  to  the  abstraction  of  it  by 
pulses  of  air  cannot  be  correct. 

15.  When  a  substance  is  interposed  by  way  of  Effect  of 

screens. 

screen  between  the  hot  canister  and  the  reflector, 
the  effect  is  either  diminished  or  destroyed  altoge- 
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chap.  i.  ther,  according  to  circumstances.  These  circum- 
~  stances  have  been  examined  by  Mr.  Leslie  with 
great  sagacity.  Indeed,  the  development  of  the 
effect  of  screens  constitutes  perhaps  the  most  cu- 
rious and  important  part  of  his  whole  work.  A 
screen  may  affect  the  radiation  of  heat  three  ways ; 
1.  By  its  distance  from  the  hot  canister;  2.  By  its 
thickness;  and,  3.  By  the  nature  of  the  substance 
of  which  it  is  composed.  Let  us  take  a  view  of 
each  of  these  in  succession. 

First)  From  all  Mr.  Leslie's  trials,  it  appears  that 
a  screen  diminishes  the  effect  of  radiation  upon  the 
differential  thermometer  situated  in  the  focus  of  the 
reflector,  in  proportion  to  its  distance  from  the 
canister.  When  placed  very  near  the  canister,  the 
withetheS  eff'ect  ig  comparatively  small ;  but  it  increases 
distance,  rapidly  as  the  screen  is  drawn  away  from  the  canis- 
ter ;  so  that  the  elevation  of  the  differential  thermo- 
meter is  soon  prevented  altogether.  When  the 
canister  is  at  the  distance  of  three  feet  from  the 
reflector,  if  the  side  painted  with  lamp  black  produce 
an  effect  equivalent  to  100,  this  effect  upon  inter- 
posing a  pane  of  glass  at  the  distance  of  two  inches 
from  the  canister  will  be  diminished  to  20.  When 
the  pane  is  advanced  slowly  forward  toward  the 
reflector,  the  effect  of  the  radiation  gradually  dimi- 
nishes ;  and  when  it  has  got  to  the  distance  of  one 
foot  from  the  screen,  the  radiation  is  completely 
intercepted.* 

Second,  When  a  screen  of  thin  deal  board  is  used 

*  Leslie,  p.  28. 
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instead  of  the  pane  of  glass,  and  placed  at  the  dis-    Sect-  v- 
tance  of  two  inches  from  the  canister,  the  radiation  "" 
is  diminished,  and  the  diminution  is  proportional  to  An<i  the 

thickness. 

the  thickness  or  the  board. 

With  a  board  £  inch  thick  the  effect  is  20 


—  f  inch  do.  15 

—  1  inch  do.  9 


Tims  the  radiation  diminishes  very  slowly  as  the 
thickness  increases.* 

Third,  When  a  sheet  of  tinfoil  is  substituted  for  Radiated 

heat  inter- 

the  glass  pane,  and  put  into  the  same  position,  the 
effect,  instead  of  20,  is  reduced  to  0 ;  and  this  hap- 
pens however  thin  the  tinfoil  is ;  even  gold  leaf  of 
the  thickness  of  ^oWodth  part  of  an  inch,  though 
pervious  to  light,  completely  stops  the  progress  of 
radiating  heat.  When  a  sheet  of  writing  paper  is 
substituted  for  tinfoil,  the  effect  is  23.t  Thus  it 
appears,  that  substances  vary  considerably  from 
each  other  in  their  property  of  intercepting  radia- 
ting heat ;  and  likewise  that  the  power  of  inter- 
cepting heat  is  inversely  as  the  power  of  radiating 
it.  Those  substances  which  radiate  most  heat, 
intercept  the  least  of  it  when  in  the  situation  of 
screens ;  and  those  which  radiate  the  least  heat,  on 
the  contrary,  intercept  the  most.  But  it  was  for- 
merly observed,  that  the  power  of  absorbing  heat 
was  the  same  with  that  of  radiating  it.  Hence 
those  substances  which  absorb  least  heat  are  the 
most  powerful  interceptors  of  it,  and  the  contrary. 

*  Leslie,  p.  38.  f  Ibid. 
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chap.  i.  These  facts  lead  naturally  to  the  opinion,  that  the 
~  property  of  absorbing  heat  depends  upon  the  surface 
of  the  substance  which  is  interposed  as  a  screen  ; 
an  opinion  which  Mr.  Leslie  has  established  by  the 
following  experiments.  He  took  two  panes  of 
glass,  and  coated  one  side  of  each  with  tinfoil, 
leaving  the  other  side  bare.  These  two  panes  were 
pressed  together :  the  tinned  side  of  each  being 
outmost,  and  applied  as  a  screen  at  two  inches 
distance  from  the  canister.  The  whole  of  the  rays 
of  heat  appeared  to  be  intercepted,  for  the  ther- 
mometer was  not  acted  upon  at  all.  But  when  the 
glass  side  of  the  screen  was  outmost,  the  effect  of 
radiation  was  equivalent  to  18.  Here  we  find  the 
very  same  screen,  in  the  very  same  position,  inter- 
cepting very  different  proportions  of  the  radiated 
heat,  according  to  the  nature  of  its  external  surface. 
When  the  tin  was  outmost,  the  whole  heat  was 
stopped ;  but  when  the  glass  was  outmost,  about 
jth  passed  on  to  the  reflector.  The  effect  was 
analogous  when  two  sheets  of  tin,  each  painted  on 
one  side  with  a  thin  coat  of  lamp  black,  were  em- 
ployed as  a  screen,  and  placed  two  inches  from  the 
canister.  Pressed  together,  and  having  their  metal 
sides  outmost,  the  radiation  produced  no  effect 
upon  the  thermometer;  but  when  the  blackened 
sides  were  outmost,  the  effect  was  equivalent  to  23. 
When  only  one  of  the  plates  is  used,  and  its  black- 
ened side  turned  to  the  canister,  the  effect  is  equal 
to  4.  If  the  two  plates  be  used  with  their 
blackened  sides  outmost,  and  at  the  distance 
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of    two    inches    from    each    other,    all    effect    is    Sect.  v. 
destroyed.* 

16.  But  the  subsequent  experiments  of  M.  De  la 
Roche  have  somewhat  modified  the  consequences 
which  appeared  to  follow  from  the  very  ingenious 
experiments  of  Leslie,  and  show  a  much  greater 
analogy  between  the  radiation  of  light  and  heat 
than  that  philosopher  had  supposed.  De  la  Roche 
found  that  radiant  heat  in  some  cases  passes  directly 
through  glass :  that  the  quantity  of  radiant  heat 
which  passes  directly  through  glass  is  so  much 
greater  relative  to  the  whole  heat  emitted  in  the 
same  direction,  as  the  temperature  of  the  source  of 
heat  is  more  elevated ;  that  calorific  rays,  which 
have  already  passed  through  a  screen  of  glass, 
experience  in  passing  through  a  second  glass  screen 
of  a  similar  nature  a  much  smaller  diminution  of 
their  intensity  than  they  did  in  passing  through  the 
first  screen  :  that  rays  emitted  by  a  hot  body  differ 
from  each  other  in  their  faculty  of  passing  through 
glass :  that  a  thick  glass,  though  as  much  or  more 
permeable  to  light  than  a  thin  glass  of  a  worse 
quality,  allows  a  much  smaller  quantity  of  radiant 
heat  to  pass ;  but  the  difference  is  so  much  the  less 
as  the  temperature  of  the  radiating  source  is  more 
elevated :  and  that  the  quantity  of  heat  which  a  hot 
body  yields  in  a  given  time  by  radiation  to  a  cojd 
body  situated  at  a  distance,  increases,  cceteris paribus, 
in  a  greater  ratio  than  the  excess  of  temperature  of 
the  first  body  above  the  second.t 

*  Leslie,  p.  35,  t  Annals  of  Philosophy,  ii.  100. 
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Chap.  i.        The  conclusions  from  the  observations  of  De  la 


Roche  have  been  called  in  question  by  Mr.  Powell. 
He  admits  that  when  a  hot  body  becomes  luminous 
it  gives  out  heat  capable  of  passing  directly  through 
transparent  screens.  But  this  new  heat  acts  more 
on  a  smooth  black  surface  than  on  an  absorptive 
white  one.  From  this  he  concludes  that  it  is  diffe- 
rent from  common  radiant  heat.  We  have  no  evi- 
dence that  it  is  the  same  as  light.  It  is  great  from 
red  hot  metals,  though  the  light  be  feeble.  It 
exists  in  the  solar  ray  and  is  what  produces  the 
photometrical  effect  in  Leslie's  Photometer.*  But 
this  ingenious  explanation  of  Mr.  Powell  has,  I 
think,  been  obviated  by  a  very  happy  and  instruc- 
tive experiment  of  Mr.  Ritchie.  Between  the 
focal  balls  of  a  differential  thermometer  and  equally 
distant  from  both  he  placed  a  hot  body.  The 
liquid  remained  stationary,  because  both  balls  were 
equally  acted  upon.  But  if  one  half  of  one  of  the 
balls  farthest  remote  from  the  hot  body  be  coated 
black  or  rendered  opaque,  the  liquid  immediately 
sinks  in  the  tube  under  that  bulb.  The  reason, 
says  Mr.  Ritchie,  is  that  the  radiant  heat  which 
formerly  passed  through  the  glass  is  intercepted  by 
the  opaque  coating,  and  of  course  dilates  the  air 
within  the  ball.t  Mr.  Powell  ascribes  the  appa- 
rent dilatation  of  the  air  to  the  more  rapid  cooling 
of  the  coated  glass  from  radiation.  t  But  Mr. 
Ritchie  has  obviated  this  objection  to  his  con- 
clusions in  a  very  ingenious  manner.  "Let,"  says 

*  Phil.  Trans.  1825,  p.  187.  f  Edin.  Jour.  xi.  281. 

t  Annals  of  Philosophy,  2d  Series,  xii.  13. 
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he,  "  two  air  thermometers  be  procured,  having  Sect.  v. 
their  bulbs  large  and  blown  very  thin.  Place  them  " 
at  a  convenient  distance  from  each  other,  and  then 
put  a  heated  iron  ball  between  them  in  such  a 
position  that  the  fluids  in  the  two  stems  will  sink 
exactly  the  same  number  of  degrees.  Let  one  of 
the  hemispheres  in  the  ball  A,  formed  by  a  plane 
passing  through  the  centres  of  the  two  balls,  be 
coated  with  China  ink.  Let  two  of  the  alternate 
quarters  of  the  ball  B,  formed  by  a  plane  cutting 
the  former  at  right  angles,  be  also  coated  with  China 
ink.  Place  the  thermometers  in  their  original 
positions,  raise  the  iron  ball  to  an  elevated  tem- 
perature (though  still  invisible  in  the  dark),  place 
it  in  its  former  position,  and  carefully  observe  the 
number  of  degrees  the  fluid  descends  in  each  stem. 
A  striking  difference  will  now  be  observed.  The 
fluid  will  be  found  to  have  sunk  several  degrees 
lower  in  the  thermometer  B,  than  in  A.  The  same 
experiment  may  also  be  performed  with  a  diffe- 
rential thermometer  having  the  bulbs  coated  as 
formerly  described."* 

It  is  obvious  that  Mr.  Powell's  explanation  will 
riot  apply  to  the  experiment  just  described.  We 
must  allow,  I  think,  that  heat  radiated  from  hot 
bodies  not  luminous,  and,  therefore,  radiant  heat, 
passes  through  thin  glass,  since  it  is  intercepted  by 
the  opaque  coating.  It  would  not  be  surprising  if 
the  power  of  producing  heat  and  light  were  proper- 
ties of  the  same  substance.  It  may  produce  light 

*  Annals  of  Philosophy,  2d  Series,  xii.  123. 
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chap.  i.  when  acting  with  a  certain  intensity,  or  when  the 
"  particles  follow  each  other  at  certain  limited  inter- 
vals. When  these  intervals  are  changed  heat  may 
be  produced.  It  is  even  conceivable  that  those 
rays  which  are  invisible  to  our  eyes,  and  which 
therefore  we  are  accustomed  to  consider  as  pure 
heat,  may  produce  an  illuminating  effect  upon  the 
eyes  of  some  other  animals. 

Mr.  Leslie's  explanation  of  the  radiation  of  heat 
agrees  so  ill  with  the  phenomena,  that  I  am  not 
aware  of  its  having  been  embraced  by  any  other 
person.  The  explanation  which  has  been  generally 
adopted,  was  originally  started  by  M.  Prevost,  of 
Geneva,  as  early  as  1791,  and  was  afterwards  ex- 
pounded in  a  work  entitled  Du  Calortque  Rayonnant, 
published  in  the  year  1809. 

Prevost  supposes  that  heat  is  a  discrete  fluid, 
lon>  every  particle  of  which  moves  in  a  straight  line. 
These  particles  go  one  in  one  direction  and  another 
in  another,  so  that  every  sensible  point  of  the  hot 
space  is  a  centre,  from  which  depart,  and  to  which 
arrive,  rows  of  particles  or  calorific  rays.  The  con- 
sequence of  this  must  be,  that  if  we  suppose  two 
neighbouring  spaces,  in  which  heat  abounds,  there 
must  be  a  constant  interchange  of  heat  between 
them.  If  it  abounds  equally  in  each,  the  inter- 
changes will  balance  each  other,  and  the  temperature 
will  continue  the  same.  If  one  contains  more  than 
the  other,  the  interchanges  will  be  unequal,  and  by 
a  continued  repetition  of  these  unequal  changes, 
the  temperatures  of  both  will  be  in  time  reduced  to 
equality.  If  we  suppose  a  body  placed  in  a  me- 
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dium  hotter  than  itself,  and  the  temperature  of  that  Seot'  Vl 
medium  constant,  we  may  consider  the  heat  of  the 
medium  as  consisting  of  two  parts,  one  equal  to 
that  of  the  body,  the  other  equal  to  the  difference 
between  the  temperature  of  the  two.     The  first  of 
these  two  parts  may  be  left  out  of  view,  being 
counterbalanced  by  the  radiation  of  the  body  ;  the 
excess  alone  requires  consideration,  and  relatively 
to  that  excess,  the  body  is  absolutely  cold. 

According  to  this  theory,  all  bodies  are  constantly 
emitting  rays  of  heat  in  all  directions,  and  constantly 
receiving  rays  of  heat  from  all  directions.  When  the 
rays  emitted  and  the  rays  received  are  equal  in 
number,  the  temperature  remains  constant.  When 
a  body  sends  out  more  rays  than  it  receives,  its 
temperature  sinks  ;  when  it  receives  more  than  it 
sends  out,  its  temperature  rises.  If  a  body  be 
placed  in  the  neighbourhood  of  another,  it  will 
intercept  a  great  many  rays  that  were  moving 
towards  the  second  body,  in  the  direction  now 
blocked  up.  But  if  the  temperature  of  the  inter- 
cepting body  be  the  same  as  that  of  those  whose  rays 
it  intercepts,  it  will  send  out  as  many  rays  as  it  stops, 
and  thus  the  temperature  of  the  second  body  will  not 
be  affected.  If  the  intercepting  body  be  colder 
than  those  whose  rays  it  intercepts,  it  will  receive 
more  than  it  can  give  out;  the  consequence  of 
which  will  be,  that  the  temperature  of  the  second 
body  will  be  reduced.  The  very  contrary  must 
happen  if  the  intercepting  body  be  hotter  than  those 
whose  rays  it  intercepts. 

This  theory  will  enable  us  to  explain  a  set  of 
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chap.  i.  phenomena,  which  have  occasioned  much  discus- 
Apparent  si°n>  and  been  considered  by  some  as  incompatible 
coiddae^n  °f  witn  the  received  notions  concerning  heat;  I  mean 
plained.  ^  apparent  radiation  of  cold. 

The  first  attempt  to  determine  the  effect  of  cold 
radiated  from  a  mirror,  was  made  by  the  Floren- 
tine academicians  in  1667,  and  is  thus  related  in 
the  Essays  of  that  Academy  translated  by  Mr. 
Waller.  "  We  were  willing  to  try  if  a  concave 
glass  set  before  a  mass  of  500lb.  of  ice,  made  any 
sensible  repercussion  upon  a  very  nice  ther- 
mometer of  400  deg.  placed  in  its  focus.  The 
truth  is,  it  immediately  began  to  subside,  but  by 
reason  of  its  nearness  to  the  ice,  'twas  doubtful 
whether  the  direct  or  reflected  rays  of  cold  were 
more  efficacious :  upon  this  account  we  thought  of 
covering  the  glass,  and  (whatever  may  be  the 
cause)  the  spirit  of  wine  did  indeed  presently  begin 
to  rise.  For  all  this  we  dare  not  be  positive,  but 
there  might  be  some  other  cause  thereof,  besides 
the  want  of  reflection  from  the  glass ;  since  we 
were  deficient  in  making  all  the  trials  necessary  to 
clear  the  experiment."* 

Gaertner,  modeller  to  the  king  of  Poland,  re- 
peated this  experiment  in  a  more  satisfactory  way 
in  the  year  1781.  He  contrived  a  set  of  wooden 
parabolic  mirrors  which  he  gilded  internally,  with 
which  he  made  various  experiments,  among  others 
was  the  following.  "  If  instead  of  a  hot  body, 
cold  water  be  put  into  the  focus  of  the  mirror,  it 

*  Waller's  translation,  p.  103. 
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gives  out  even  in  summer  an  agreeable  coolness.    Sect-  v- 
But  if  instead  of  cold  water  I  made  use  of  ice, 
there  was  a  considerable  production  of  cold  at  the 
distance  of  ten  or  twenty  paces. 

This  experiment  was  repeated  by  M.  Pictet  in 
somewhat  a  different  manner,  and  the  account  of 
it  published  by  him  in  1791  in  his  Essai  sur  le  feu. 
He  took  two  concave  mirrors  indifferently  polished, 
and  having  a  focus  at  nine  inches  distance,  and 
placed  them  opposite  each  other  and  10£  feet 
asunder.  A  delicate  air  thermometer  was  put  into 
one  of  the  foci,  and  a  matrass  full  of  snow  into  the 
other,  the  thermometer  sunk  several  degrees,  and 
rose  again  when  the  matrass  was  removed.  When 
nitric  acid  was  poured  on  the  snow  the  thermome- 
ter sunk  several  degrees  lower. 

This  experiment  has  been  considered  by  some 
as  inexplicable,  unless  we  admit  the  radiation  of 
cold.  The  snow,  it  has  been  said,  is  not  absolutely 
destitute  of  heat.  It  must  therefore  radiate  some 
heat.  Consequently  its  presence  ought  rather  to 
raise  than  sink  the  thermometer.  -But  this  objec- 
tion can  be  insurmountable  to  those  only  who  have 
not  taken  the  trouble  to  make  themselves  acquaint- 
ed with  the  principles  of  Prevost's  theory. 

To  explain  what  happens,  we  have  only  to  re- 
collect that  heat  is  constantly  radiating  from  all 
bodies  and  entering  into  all  bodies,  and  that  while 
the  temperature  continues  unaltered,  the  rays  of  heat 
lost  by  radiation  must  be  just  compensated  by  the 
rays  received.  From  the  nature  of  radiation  it  is 
obvious  that  the  intensity  of  the  ray  must  be  in- 

I.  M 
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chap.  i.   versely  as  the  square  of  the   distance   from    the 
radiating  object.     A  thermometer  in  a  room  may- 
be considered  as  in  the  centre  of  a  sphere  of  bodies 
constantly  radiating  heat  upon  it.    The  rays  which 
it  throws  out  just  compensate  those  which  it  re- 
ceives, and  consequently  its  temperature  remains 
unchanged.     Suppose  a  mirror  placed  in  its  neigh- 
bourhood.    It  will  intercept  a  considerable  number 
of  rays  sent  to  the  thermometer  by  the  surround- 
ing sphere.     Indeed,  if  it  be  near  enough  and  large 
enough,  it  will  intercept  a  whole  hemisphere  of 
these  rays.     But  this  can  produce  no  change  upon 
the  temperature  of  the  thermometer,  because  the 
difference  between  the  size  of  the  mirror  and  of 
the  hemisphere  intercepted,  will  be  exactly  com- 
pensated by  the  smaller  distance  of  the   mirror. 
If  we  put  the  thermometer  into  the  focus  of  the 
mirror  the  effect  will  continue  the  same.    The  mir- 
ror will  indeed  collect  the  rays  from  one  of  the 
hemispheres,  and  reflect  them  upon  the  thermome- 
ter ;  but  it  will  intercept  the  rays  from  the  other 
hemisphere.     The  temperature  of  the  thermometer 
will  not  be  affected,  because  the  number  of  rays 
sent  to  the  thermometer  being  the  same,  it  can 
make  no  difference  whether  these  rays  be  supplied 
by  reflection  or  radiation. 

Suppose  a  second  mirror  to  face  the  first.  The 
cylinder  of  rays  from  the  second  hemisphere  is 
now  intercepted.  But  then  all  the  rays  which 
pass  through  its  focus  to  its  face  are  reflected  in 
the  direction  of  the  intercepted  cylinder.  Thus  a 
cylinder  of  reflected  rays  is  formed  equal  to  and 
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instead  of  the  intercepted  one.    The  temperature  of  sect,  v. 
the   thermometer   must    still   continue   unaltered,  ~" 
because  it  continues  to  receive  as  many  rays  as  it 
emits. 

Let  us  now  place  a  hot  body  in  the  focus  of  the 
second  reflector.  The  cylinder  from  this  reflector 
will  now  consist  of  an  extraordinary  number  of 
rays,  which  will  be  collected  by  the  other  mirror 
and  sent  to  the  thermometer.  The  thermometer  will 
now  receive  more  rays  than  it  emits,  and  conse- 
quently will  rise.  Substitute  a  matrass  full  of  ice 
instead  of  the  hot  body  in  the  focus  of  the  second 
reflector,  the  consequence  will  be  that  the  rays 
which  would  have  otherwise  passed  through  the 
focus  of  this  reflector  will  be  absorbed  by  the  ice. 
Fewer  rays  will  make  their  way  to  the  other  mir- 
ror and  be  collected  into  its  focus.  The  thermome- 
ter will  now  radiate  more  heat  than  it  receives, 
and  of  course  will  fall.  When  nitric  acid  is  poured 
upon  snow  the  temperature  sinks  about  40°.  It 
will  therefore  radiate  still  less  heat  than  the  ice. 
The  thermometer  therefore  must  sink  still  lower.* 

There  is  an  experiment  by  Count  Rumford,  which 
he  considered  as  incompatible  with  the  common 
opinions  respecting  radiation  ;  but  which  admits  of 
as  easy  an  explanation  as  the  cooling  occasioned  by 
the  snow  in  Pictet's  experiment.  He  took  a  coni- 
cal metalic  tube  about  18  inches  long,  whose  re- 

*  On  this  subject  the  reader  may  consult  Mr.  Davenport's 
paper,  Annals  of  Philosophy  (1st  series),  p.  338,  and  Mr.  Cramp- 
ton  Holland's  paper  on  the  same  subject  in  the  Edin.  Transac- 
tions, 179. 
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chap.  i.  spective  apertures  were  1  inch,  and  5  inches  in 
~  diameter.  The  inside  of  the  tube  was  polished  so 
as  to  reflect  heat  powerfully  and  to  radiate  little. 
This  tube  being  supported  in  a  horizontal  position, 
the  focal  ball  of  a  differential  thermometer  was 
placed  at  the  larger  opening,  while  a  matrass  full  of 
ice  was  put  before  the  smaller  opening.  The  ther- 
mometer did  not  sink,  or  sunk  only  a  very  little. 
But  when  the  position  of  the  ice  and  thermometer 
was  reversed,  by  placing  the  former  before  the  wide 
opening,  and  the  latter  in  the  narrow  opening  of 
the  tube,  the  thermometer  now  sunk  a  considerable 
space,  indicating  a  much  more  rapid  decrease  of 
temperature.  This  experiment  is  easily  explained 
by  the  application  of  Prevost's  theory.  It  is  evident 
from  the  well  known  laws  of  optics,  that  the  inci- 
dent rays  of  heat  which  are  parallel  to  the  axis  of 
the  tube  are  reflected  in  the  form  of  cones,  and 
cross  in  the  axis.  However,  the  largest  hollow  cy- 
linder of  incident  rays  will  form  the  focus  of  great- 
est intensity ;  and  a  multitude  of  other  rays  will 
be  brought  by  complex  reflections  to  the  same  spot. 
The  tube  is,  in  fact,  a  truncated  cone;  for  the 
smaller  end  has  a  diameter.  The  principal  focus  is 
not  at  the  apex  of  the  cone  ;  but  short  of  it,  and  we 
may  suppose  the  thermometer  placed  in  this  point. 
Now  it  is  easy  to  see  that  the  rays  from  a  consider- 
able portion  of  the  surrounding  sphere  are  inter- 
cepted by  the  tube ;  but  this  is  compensated  by  the 
rays  reflected  by  the  inside  of  the  tube,  and  falling 
.upon  the  thermometer  placed  in  the  focus.  Hence 
a  thermometer  placed  at  the  narrow  end  of  the  tube 
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undergoes  no  alteration  whatever.  But  when  the  Sect.  v. 
matrass  with  ice  is  placed  at  the  wide  end  of  the 
tube,  it  intercepts  the  incident  rays  which  would 
have  been  reflected  from  the  inside  of  the  tube  upon 
the  thermometer.  The  thermometer  now  radiates 
more  heat  than  it  receives,  and  must  therefore  fall. 

The  radiation  of  heat  being  understood,  we  are 
enabled  to  explain,  by  means  of  it,  a  variety  of  na- 
tural phenomena  of  a  very  interesting  nature.  I 
may  give  an  example  or  two  to  enable  the  reader  to 
perceive  the  importance  of  this  part  of  the  doctrine 
of  heat. 

1.    It  is  to  the  radiation  of  heat  that  we   areCauseof 

dew. 

indebted  for  the  condensation  of  dew,  to  which 
plants  are  so  much  indebted  for  their  nourishment, 
as  was  first  satisfactorily  explained  by  Dr.  Wells  in 
his  Essay  on  Dew,  which  constitutes  one  of  the 
most  beautiful  examples  of  inductive  reasoning  in 
the  English  language.  To  understand  the  way  in 
which  dew  is  formed  it  is  necessary  to  know  that 
water  is  capable  of  being  converted  into  vapour  at 
all  temperatures  from  3%°  to  212°.  Hence  the  at- 
mosphere is  seldom  or  never  destitute  of  aqueous 
vapour.  But  the  absolute  quantity  that  can  exist 
depends  upon  the  temperature.  At  32°  it  can  con- 
tain only  yjoth  of  its  volume  of  vapour,  while  at 
52°  it  can  contain  ^tli  of  its  volume.  When  air 
containing  vapour  diminishes  in  its  temperature,  a 
portion  of  its  vapour  is  usually  condensed  into 
water.  The  amount  of  the  diminution  of  tempera- 
ture necessary  to  cause  air  to  deposit  moisture  de- 
pends upon  the  quantity  of  vapour  which  it  contains. 
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chap.  i.  If  the  quantity  be  as  great  as  can  exist  at  the  given 
"  temperature,  then  the  smallest  diminution  of  tem- 
perature will  occasion  the  deposition  of  humidity. 
But  if  air  at  7^°  contain  only  as  much  vapour  as  it 
can  retain  at  the  temperature  of  52°,  it  is  obvious 
that  it  must  be  cooled  below  52°  before  it  begin  to 
deposit  moisture. 

During  the  day  a  good  deal  of  water  is  converted 
into  vapour  from  the  surface  of  lakes,  seas,  and 
rivers,  and  from  the  earth  itself,  and  mixes  with  the 
atmosphere.  The  temperature  of  the  atmosphere 
usually  sinks  considerably  after  sunset,  and  is  often 
20°  or  30°  colder  than  at  the  hottest  part  of  the 
day.  Hence  it  must  approach  much  nearer  the 
point  of  depositing  moisture  than  during  the  day. 
The  greatest  difference  between  the  temperature  of 
day  and  night  takes  place  in  this  country  in  spring 
and  autumn,  and  these  are  the  seasons  in  which  the 
most  abundant  dews  are  usually  deposited.  Dewy 
nights  are  usually  clear.  On  cloudy  nights  dew 
seldom  falls. 

Many  years  ago,  a  curious  set  of  experiments  on 
dew  was  made  by  M.  Dufay.  He  placed  a  glass 
cup  in  the  middle  of  a  silver  basin,  and  left  both  in 
the  open  air  during  a  dewy  night.  Next  morning 
the  silver  basin  was  found  dry ;  but  the  glass  cup 
was  wet  with  dew.  When  the  experiment  was 
reversed  by  placing  a  silver  cup  in  the  middle  of  a 
glass  basin,  the  glass  was  still  moist  and  the  silver 
dry.*  These  and  many  other  similar  experiments, 
remained  unexplained  till  Dr.  Wells  turned  his 

*  Mem.  Par.  1736,  p.  352. 
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attention  to  the  subject.  It  is  only  necessary  to  Sect-  v« 
say  that  the  metals  are  bad  radiators  of  heat,  while 
glass  is  a  good  radiator.  Hence  in  a  cloudless 
night  the  temperature  of  the  glass  exposed  to  the 
aspect  of  the  sky  will  sink  much  lower  than  that  of 
metals.  It  will  cool  the  air  in  its  neighbourhood 
more,  and  of  course  dew  will  be  deposited  on  it  in 
preference.  Dr.  Wells  found,  as  Mr.  Six  had  done 
before  him,  that  a  thermometer  laid  on  a  grass  plot 
in  a  clear  night  sunk6°5  8°,  13°,  or  even  20°  lower 
than  a  thermometer  hung  at  some  height  from  the 
ground.  Because  grass  radiates  heat  well.  In 
short,  dew  is  deposited  on  those  substances  which 
radiate  heat  well,  while  it  avoids,  for  an  obvious 
reason,  all  bad  radiators.  These  depositions  do  not 
take  place  on  cloudy  nights,  because  clouds  radiate 
the  heat  back  again,  and  thus  prevent  the  tempera- 
ture of  good  radiators  from  sinking  much  below 
that  of  the  atmosphere. 

2.  In  frosty  weather  moisture  is  almost  always  Deposition 
condensed  upon  the  inside  of  the  windows  of  ouronwi'n- 
apartments  (during  the  night  when  the  room  is 
without  fire),  in  the  form  of  dew  or  hoar  frost.  The 
glass  being  a  good  radiator,  is  speedily  cooled  below 
the  temperature  of  the  room.  Vapour  from  the 
air  in  the  apartment  is  consequently  condensed 
upon  it,  and  it  assumes  the  form  of  dew  or  hoar 
frost  according  to  the  temperature  of  the  glass. 
This  condensation  is  much  more  abundant  when 
the  window  shutters  are  closed  than  when  they  are 
left  open.  Because  in  the  latter  case  the  radiation 
from  the  different  parts  of  the  room  upon  the 
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chap.  i.  window,  supplies  a  considerable  portion  of  the  heat 
radiated  by  the  glass,  and  prevents  the  temperature 
from  sinking  so  low. 

^  Dr  ^jfe  has  shown>  by  a  very  happy  induc- 
tion, that  the  formation  of  artificial  ice  in  India 
depends  upon  the  radiation  of  heat  from  the  surface 
of  the  water.  The  nights  which  answer  best  for 
making  this  ice  are  clear  and  calm.  The  water  is 
put  in  shallow  pans,  and  it  is  so  placed  that  the 
heat  from  the  ground  cannot  easily  penetrate  to  it. 
The  congelation  is  usually  greatest  before  sun-rise, 
and  as  dew  is  copiously  deposited  it  is  obvious  that 
no  evaporation  can  take  place  from  its  surface.  So 
that  the  explanation  of  this  process  formerly  given 
by  Dr.  Black,  namely,  the  cold  produced  by  evapo- 
ration, is  fallacious. 

4"  In  tn*s  Countl7  &  *s  not  uncommon  for  cold 
plants.  nights  to  occur  in  the  month  of  May,  when  the 
fruit  trees  are  in  blossom.  In  such  cases  careful 
gardeners  are  in  the  habit  of  covering  up  those  trees 
and  plants  that  would  be  injured  by  the  cold  with 
mats,  and  the  precaution  is  generally  successful. 
These  mats  act  simply  by  preventing  the  heat  from 
escaping  from  the  plant  by  radiation  ;  as  they  radi- 
ate as  much  or  almost  as  much  back,  as  they 
receive  from  the  plant.  The  cold  weather  is 
usually  over  before  the  mat  is  cooled  down  so  low 
by  the  action  of  the  air  as  to  cease  to  compensate 
to  the  plant  for  the  loss  of  its  heat  by  radiation. 


CHAPTER  II. 

OF    FLUIDITY. 


ALL  the  substances  in  nature  exist  either  in  the  ChaP- 1L 
state  of  solids,  liquids,  or  gases,  and  the  state " 
depends  upon  the  temperature  to  which  they  are 
exposed.  There  are  many  bodies,  which  in  the 
common  temperature  of  our  atmosphere  are  solid; 
but  which  become  liquid  when  exposed  to  a  tempe- 
rature sufficiently  high.  Tin  and  lead  are  solid 
metals ;  but  they  become  liquid  when  exposed  to  a 
temperature  below  ignition.  Sulphur  melts  at  a 
still  lower  temperature ;  and  water  becomes  liquid 
at  so  low  a  temperature  that  in  this  country  it  is 
very  seldom  in  a  solid  state. 

All  the  solid  bodies  with  which  we  are  acquainted  AH  solids 

n  i      •  i   •  i  •        •  i      i  may  be  fus- 

are  capable  of  being  converted  into  liquids  by  tern- ed,  except 

,  .    ,  .     .  ,  the  dia- 

peratures  which  we  have  it  in  our  power  to  produce ; 
with  one  remarkable  exception,  namely,  the  dia- 
mond ;  which  it  has  been  hitherto  impossible  to 
melt  by  the  application  of  heat.  But  this  does  not 
constitute  a  true  exception  to  the  general  law,  that 
all  solids  may  be  rendered  liquid  by  heat.  Because 
the  diamond  in  consequence  of  some  of  its  proper- 
ties cannot  be  exposed  to  a  temperature  so  high  as 
some  other  bodies  can.  Lime  and  magnesia  were 
long  considered  as  infusible  by  heat  j  and  it  was 
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Chap.  ii.  not  till  they  were  exposed  to  the  very  high  tempe- 
"  rature  produced  by  burning  a  mixed  stream  of 
oxygen  and  hydrogen  gases  that  their  refractory 
nature  was  overcome.  But  the  diamond  cannot  be 
exposed  to  such  a  test,  because  it  is  a  combustible 
body,  and  catches  fire,  and  is  consumed  at  compa- 
ratively low  temperatures.  Nor  can  we  expose  it 
to  a  sufficiently  high  temperature  to  fuse  it  in  close 
vessels ;  because  with  many  substances,  as  iron,  it 
combines  when  strongly  heated  with  them,  and 
because  it  is  probably  as  refractory  or  more  so  than 
lime  or  magnesia,  in  vessels  of  which  it  cannot 
therefore  be  heated  with  any  chance  of  fusion. 
Charcoal  is  in  the  same  predicament  with  the  dia- 
mond, because  its  nature  is  very  nearly  the  same 
with  that  of  the  precious  stone.* 

There  is  a  vast  difference  in  the  temperatures 
requisite  to  fuse  different  solid  bodies.  Lime,  mag- 
nesia, alumina,  and  the  other  earthy  bodies,  toge- 
ther with  silica,  are  so  refractory  that  they  have 
been  fused  only  in  minute  particles  by  an  ignited 
current  of  oxygen  and  hydrogen  gases.  Platinum 
cannot  be  fused  in  our  furnaces,  but  it  yields 
before  the  blowpipe,  urged  by  a  stream  of  oxygen 
gas.  Dr.  Clarke,  by  his  oxygen  and  hydrogen  blow- 
pipe, melted  100  grains  of  platinum,  and  kept  it  in 
fusion  for  some  minutes.  Iron  may  be  melted  in  a 
good  draught  furnace.  Mr.  Mushet  in  this  way 

*  Dr.  Silliman  is  of  opinion  that  he  melted  charcoal  by  exposing 
it  to  the  intense  heat  of  Dr.  Hare's  deflagrator.  I  repeated  the 
experiment  and  obtained  a  microscopic  bead  ;  but  it  consisted  of 
the  earthy  matters  of  which  charcoal  is  never  destitute. 
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melted  pieces  of  iron  about  half  an  ounce  in  weight ;  ChaP-  n. 
and  Sir  George  Mackenzie  fixed  its  fusing  point  at  " 
158°  Wedge  wood.  Gold  and  copper  melt  easily 
in  a  wind  furnace  ;  and  silver  may  be  fused  in  a 
common  fire  urged  by  a  pair  of  bellows.  Zinc  and 
antimony  melt  at  about  a  red  heat.  Lead,  bismuth, 
and  tin  at  temperatures  considerably  lower.  And 
the  fusing  point  of  mercury  is  so  low  that  in  this 
country  we  never  see  it  in  a  solid  state,  except 
when  we  expose  it  to  the  action  of  a  freezing 
mixture. 

It  is  no  less  true  that  all  liquid  bodies  become  Liquids 

....  .  ~,    may  be  con- 

solid  when  we  expose  them  to  a  temperature  sum-  geaied, 
ciently  low.  Thus  water  in  frosty  weather  is 
changed  into  ice.  Olive  oil  becomes  solid,  like 
tallow,  when  cooled  down  sufficiently  low.  Oil  of 
turpentine  requires  a  much  more  intense  cold  to 
freeze  it;  but  the  weather  is  occasionally  cold 
enough  even  in  this  country  to  cause  it  to  congeal. 
Neither  mercury  nor  sulphuric  ether  ever  freeze  in 
Great  Britain.  But  they  would  have  congealed  in 
Melville  island,  where  Captain  Parry  wintered. 
For  the  thermometer  at  some  little  distance  from 
the  ship  stood  at  — 55°,  which  is  about  10°  lower 
than  the  freezing  point  of  sulphuric  ether. 

There  is,  however,  one  liquid  which  has  never  Except  ai- 

••          .  .  cohol. 

yet  been  frozen  ;  at  least  the  evidence  that  it  has 
been  is  somewhat  unsatisfactory.  This  liquid  is 
alcohol.  Common  spirits  freeze  in  severe  colds. 
But  absolute  alcohol,  or  alcohol  of  the  specific  gra- 
vity O798,  did  not  congeal  when  it  was  exposed 
by  Mr.  Walker  to  a  cold  of  — 90°.  It  was  indeed 
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chap.  ii.  announced  in  1813,  in  the  Edinburgh  newspa- 
pers,  and  repeated  in  the  scientific  Journals,  that 
Mr.  Hutton  had  succeeded  by  a  peculiar  process, 
which  he  kept  secret,  in  congealing  it  by  reducing 
it  to  the  temperature  of  — 110°.  But 'as  Mr. 
Hutton  has  never  made  his  process  known  to  thue 
public,  though  it  is  not  easy  to  conceive  any  good 
reason  for  concealing  it,  we  may  be  allowed  to 
entertain  some  doubts  respecting  the  accuracy  of 
the  newspaper  statement.  Professor  Leslie,  if  I 
understand  him  rightly,  exposed  absolute  alcohol 
to  a  cold  of  —-120°  without  observing  any  conge- 
lation.* 

Alcohol  excepted  (if  it  really  constitute  an 
exception),  all  liquids  are  converted  into  solids  when 
exposed  to  a  sufficiently  low  temperature ;  and,  the 
diamond  excepted,  all  solids  are  converted  into 
liquids  when  exposed  to  a  sufficiently  high  tem- 
perature. Fluidity  then  is  a  very  general  effect  of 
heat,  and  heat  is  obviously  the  efficient  cause  of 
fluidity.  The  addition  of  heat  converts  a  solid  into 
a  fluid,  while  the  abstraction  of  heat  converts  a  fluid 
into  a  solid. 

When  we  compare  fluidity  and  expansion  we  find 
this  remarkable  difference  between  them.  Expan- 
sion takes  place  at  every  temperature,  and  is  the 
constant  concomitant  of  the  addition  of  heat.  But 

*  M.  Bussy  moistened  a  quantity  of  cotton  with  liquid  sulphu- 
rous acid  (this  acid  liquefies  at  about  — 10°)  wrapped  it  round  the 
bulb  of  a  thermometer  in  the  receiver  of  an  air-pump,  and 
exhausted  the  receiver.  The  thermometer  sank  to  — 90°. 5. 
Alcohol  of  0-85,  exposed  to  the  same  action,  became  solid. 
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fluidity  never  takes  place  till  bodies  are  heated  up  chap.  n. 
to  a  particular  degree.  This  point  is  constant  in 
every  particular  body,  so  as  to  characterize  and 
distinguish  it  from  every  other.  If  the  body  be 
usually  solid  we  call  the  point  at  which  it  changes 
to  a  liquid  the  melting  point.  But  when  the  body 
in  the  usual  temperature  of  the  atmosphere  is  liquid 
the  point  at  which  it  changes  its  state  and  becomes 
solid  is  called  its  freezing  point.  Thus  we  talk  of 
the  melting  point  of  lead,  sulphur,  and  tallow,  and 
of  the  freezing  point  of  water,  oil,  mercury. 

As  this  point  constitutes  a  remarkable  fact  in  the 
history  of  bodies,  it  will  be  worth  while  to  exhibit  a 
tabular  view  of  the  melting  points  of  those  bodies 
which  have  been  determined  with  tolerable  accu- 
racy. 


Fahrenheit. 

Cast  iron  melts  at  3479° 

Gold         .         .  2590 

Silver  with  \  gold  2050 

Copper     .         .  2548 

Silver  with  T\,  gold  1920 

Silver        .         .  2233 

Silver        .         .'  1830 

Brass     ;%•     fV  1869 

Antimony          .  810 

Zinc          .         .•  648 

Lead         .         .  606 

Bismuth   .         .  497 

Tin           .         .  442 

Sulphur   .         .  218 


Observer. 

Daniel 

Daniel 

Princep* 

Daniel 

Princep* 

Daniel 

Princep* 

Daniel 

Mortimer 

Daniel 

Crichton,  jun. 

Crichton,  jun. 

Crichton,  sen. 

Irvine 


Melting 
points. 


*  Phil.   Trans.    1828,   p.    79. 
measured  by  the  dilatation  of  air. 


These    melting    points    were 
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Fahrenheit. 

Bees'  wax  (bleached)   142° 

Spermaceti        .  112 
Phosphorus        .  108 

Tallow      .          .  92 

Olive  oil  .         .  36 

Ice    .         .         .  32 

Milk          .         .  30 

Vinegar    .         .  28 

Sea  water  .  27-5 

Blood        .         .  25 

Wines       .         .  20 

Oil  of  turpentine  14 

Sulphuric  acid  .  1 

Mercury   .         .  — 39 

Nitric  acid         .  — 45*5 

Sulphuric  ether  — 46 


Observer. 

Nicholson 
Nicholson 
Thomson 
Nicholson 


Nairne 


Morgueron 

Cavendish 

Cavendish 

C  Fourcroy  and 

\  Vauquelin.* 


In  certain  circumstances  liquids  may  be  cooled 
down  several  degrees  below  their  freezing  point 
before  they  begin  to  congeal.  The  late  Mr. 
Crichton  of  Glasgow  observed  that  tin  melted  in  a 
crucible  may  be  cooled  down  to  438°  or  4°  below 

*  The  following  melting  points  of  alloys  of  tin  and  lead  deter- 
mined by  M.  Kupffer  deserve  to  be  recorded. 

Alloy  of 

Point  of  fusion. 

466° 
385 
367 
372 

%         .         381 

The  compound  of  easiest  fusion  is  that  of  3  atoms  tin  and  1 
atom  lead.  This  compound  changes  its  volume  very  little  when 
the  two  metals  are  fused  together.  The  melting  point  of  lead 
according  to  Kupffer  is  633°,  that  of  tin  446°.  See  Ann.  de 
Chim.  et  de  Phys.  xl.  302. 


Tin. 

Lead. 

1  atom 

+ 

1  atom 

2 

+ 

1 

3 

+ 

1 

4 

H- 

1 

5 

-i_ 

1         , 
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its  freezing  point ;  but  the  instant  it  begins  to  con-  chap.  n. 
geal  a  thermometer  plunged  in  it  rises  up  to  442°, 
and  continues  at  that  point  till  the  whole  tin  has 
become  solid.  I  have  cooled  water  in  thermometer 
tubes  to  8°,  and  once  to  5°,  before  it  began  to  freeze. 
In  all  such  cases  whenever  the  liquid  begins  to 
freeze  a  thermometer  plunged  in  it  immediately 
starts  up  to  the  freezing  point  of  the  liquid,  and 
continues  at  that  point  till  the  whole  liquid  has 
congealed.  The  instant  that  any  solid  body  is 
dropt  into  water  cooled  down  below  the  freezing 
point,  it  begins  to  congeal.  The  nature  of  the  solid 
seems  to  be  indifferent.  A  pin,  a  grain  of  salt,  a 
piece  of  vegetable,  animal  or  mineral  substance. 
Agitation  or  even  wind,  provided  all  solid  matter 
be  excluded,  does  not  seem  to  occasion  the  com- 
mencement of  congelation.  These  phenomena 
show  an  analogy  between  the  separation  of  heat  and 
elasticity.  For  the  congelation  is  occasioned  by 
the  separation  of  a  certain  quantity  of  heat  from 
the  liquid. 

2.  When  salts  are  dissolved  in  water,  it  is  well 
known  that  its  freezing  point  is  in  most  cases 
lowered.  Thus  sea-water  does  not  freeze  so  readily  water- 
as  pure  water.  The  experiments  of  Sir  Charles 
Blagden  have  given  us  the  point  at  which  a  consi- 
derable number  of  these  solutions  congeal.  The 
result  of  his  trials  may  be  seen  in  the  following 
table.  The  first  column  contains  the  names  of 
the  salts ;  the  second  the  quantity  of  salt,  by 
weight,  dissolved  in  100  parts  of  water  ;  and  the 
third,  the  freezing  point  of  the  solution.* 

*  See  Phil.  Trans.  1788,  p.  277. 
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Chap.  II.  Names  of  Salts.  Proportion.  Freezing  point. 

Common  salt  25                                4 

Sal  ammoniac  20                                8 

Rochellesalt  50                             21 

Sulphate  of  magnesia  41*6  .         .         25-5 

Nitre          .         .  .          12-5  .         .         26 

Sulphate  of  iron  .         41-6                 .         28 

Sulphate  of  zinc  .         53.3  .         .         28-6 

From  this  table  it  appears  that  common  salt  is  by 
far  the  most  efficacious  in  lowering  the  freezing 
point  of  water.  A  solution  of  25  parts  of  salt  in 
100  of  water  freezes  at  4°.  These  solutions,  like 
pure  water,  may  be  cooled  down  considerably 
below  their  freezing  point  without  congealing ; 
and  in  that  case  the  congelation  is  produced  by 
means  of  ice  just  as  in  common  water,  though 
more  slowly. 

When  the  proportion  of  the  same  salt  held  in 
solution  by  water  is  varied,  it  follows  from  Sir 
Charles  Blagden's  experiments,  that  the  freezing 
point  is  always  proportional  to  the  quantity  of  the 
salt.  For  instance,  if  the  addition  of  7Vth  of  salt 
to  water  lowers  its  freezing  point  10  degrees,  the 
addition  of  T%ths  will  lower  it  20°.  Hence,  know- 
ing from  the  preceding  table  the  effect  produced 
by  a  given  proportion  of  salt,  it  is  easy  to  calcu- 
late what  the  effect  of  any  other  proportion  will  be. 
The  following  table  exhibits  the  freezing  points  of 
solutions  of  different  quantities  of  common  salt  in 
100  parts  of  water,  as  ascertained  by  Blagden's 
trials,  and  the  same  points  calculated  on  the  sup- 
position that  the  effect  is  as  the  proportion  of 
salt. 
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Do.  by  calculation.        Chap.   II. 

3-12  .  .  28+  run  7.';<  28-5 

4-16  .  .  27-5  ;;.      .  27-3 

6*25  .  .  25-5  ',.*;.       .  25 

10-00  .  .  21.5  '.         .  20-75 

12-80  V  .  18-5  V  V  17-6 

16-1  ,.  .  13.5  .  ,  .  14 

20  .  .           9-5  .  .  .           9-8 

22-2  .  .                     7-2  .                     7 
25                                     4                                        4 

3.   The   strong    acids,    namely,    sulphuric    and  or  strong 

11  T  i  •     •         acirls. 

nitric,  which  are  in  reality  compounds,  containing 
various  proportions  of  water  according  to  their 
strength,  have  been  shown  by  Mr,  Cavendish, 
from  the  experiments  of  Mr.  Macnab,  to  vary  in  a 
remarkable  manner  in  their  point  of  congelation 
according  to  circumstances.  The  following  are 
the  most  important  points  respecting  the  freezing 
of  these  bodies  that  have  been  ascertained. 

When  these  acids  diluted  with  water  are  exposed 
to  cold,  the  weakest  part  freezes,  while  a  stronger 
portion  remains  liquid  ;  so  that  by  the  action  of 
cold  they  are  separated  into  two  portions  differing 
very  much  in  strength.  This  has  been  termed  by 
Mr.  Cavendish  the  aqueous  congelation  of  these 
bodies. 

When  they  are  very  much  diluted,  the  whole 
snxture,  when  exposed  to  cold,  undergoes  the 
aqueous  congelation  ;  and  in  that  case,  it  appears 
from  Blagden's  experiments,  that  the  freezing  point 
of  water  is  lowered  by  mixing  it  with  acid  rather 
in  a  greater  ratio  than  the  increase  of  the  acid. 
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cimp.  ii.  The  following  table  exhibits  the  freezing  point  of 

~  mixtures  of  various  weights  of  sulphuric  acid,  of 

the  density  1*837  (temperature  62°),  and  of  nitric 

acid  of  the  density  1.454,  with  100  parts  of  water. 

Sulphuric  Acid.  Nitric  Acid. 

Proportion  of  acid.  Freezing  point  Proportion  of  acid.        Freezing  point. 

10          .         24-5  10          .         22 

20          .         12-5         .         20          .          10-5 
25          .  7-5         .         23-4       .  7* 

The  concentrated  acids  themselves  undergo  con- 
gelation when  exposed  to  a  sufficient  degree  of 
cold ;  but  each  of  them  has  a  particular  strength 
at  which  it  congeals  most  readily.  When  either 
stronger  or  weaker,  the  cold  must  be  increased. 
The  following  table,  calculated  by  Mr.  Cavendish 
from  Mr.  Macnab's  experiments,  exhibits  the 
freezing  points  of  nitric  acid  of  various  degrees  of 
strength,  t 

•kj.     .        .,    Specific  gravity.  Strength.  Freezing  point  Difference. 

1-42  .    568  v.  <  —45-5  ,,,,,  +15-4 

1-41  .,.    538  vv  —30-1  .V  +12 

1-39  .    508  |C  —18-1  ' '.',..  +  8-7 

1-37  478  .  —  9-4  .  +  5-3 

1-35  448  .  —  4-1  .  +  1-7 

1-33  418  .  —  2-4  .  -  1-8 

1-31  388  .  —  4-2  .  —  5-5 

1.28  .    358  .  —  9-7  .  —  8 

1-26  .    328    .  —17-7  .  —10 

1-23  298  —27-7 


*  Phil.  Trans.  1788,  p.  303. 

t  The  strength  is  indicated  by  the  quantity  of  marble  necessary 
to  saturate  1000  parts  of  the  acid.     Phil.  Trans.  1788,  p.  174. 
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The  following  table  exhibits  the  freezing  points  of  chap.  n- 
sulphuric  acid  of  various  strengths.* 

Specific  gravity.  Strength.  Freexing  point  Sulphuric 

1-837  977  +1  add. 

1-827  .  918  .  —26 

1-770  .  846  .  +42 

1-670  ,  758  .  —45 

Mr.  Keir  had  previously  ascertained  that  sul- 
phuric acid  of  the  specific  gravity  1*780  (at  60°) 
freezes  most  easily,  requiring  only  the  temperature 
of  46°.  This  agrees  nearly  with  the  preceding 
experiments,  as  Mr.  Cavendish  informs  us  that 
sulphuric  acid  of  that  specific  gravity  is  of  the 
strength  848.  From  the  preceding  table  we  see, 
that  besides  this  strength  of  easiest  freezing,  sul* 
phuric  acid  has  another  point  of  contrary  flexure 
at  a  superior  strength  ;  beyond  this,  if  the  strength 
be  increased,  the  cold  necessary  to  produce  con- 
gelation begins  again  to  diminish. 

4.  Before  Dr.  Black  began  to  deliver  his  chemi-  Dr.  Black's 

.  .  opinion. 

cal  lectures  in  Glasgow  in  17#7>  it  was  universally 
supposed  that  solids  were  converted  into  liquids  by 
a  small  addition  of  heat  after  they  have  been  once 
raised  to  the  melting  point,  and  that  they  returned 
again  to  the  solid  state  on  a  very  small  diminution 
of  the  quantity  of  heat  necessary  to  keep  them  at 
that  temperature.  An  attentive  view  of  the  phe- 
nomena of  liquefaction  and  solidification  gradually 
led  this  sagacious  -philosopher  to  observe  their 
inconsistence  with  the  then  received  opinions,  and 
to  form  another,  which  he  verified  by  direct  experi- 

*  Phil.  Trans,  p.  181. 
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chap.  ii.  ments.  He  drew  up  an  account  of  his  theory,  and 
""  the  proofs  of  it,  which  was  read  to  a  literary  society 
in  Glasgow  on  April  23,  1?62  ;*  and  every  year 
after  he  gave  a  detailed  account  of  the  whole  doc- 
trine in  his  lectures. 

That  fluid.      The  opinion  which  he  formed  was,  that  when  a 

ity  is  occa-  r 


body  is  converted  into  a  liquid,  a  much 
greater  quantity  of  heat  enters  into  it  than  is  per- 
ceptible immediately  after  by  the  thermometer. 
This  great  quantity  of  heat  does  not  make  the  body 
apparently  warmer,  but  it  must  be  thrown  into  it 
in  order  to  convert  it  into  a  liquid ;  and  this  great 
addition  of  heat  is  the  principal  and  most  imme- 
diate cause  of  the  fluidity  induced.  On  the  other 
hand,  when  a  liquid  body  assumes  the  form  of  a 
solid,  a  very  great  quantity  of  heat  leaves  it  without 
sensibly  diminishing  its  temperature ;  and  the 
state  of  solidity  cannot  be  induced  without  the 
abstraction  of  this  great  quantity  of  heat.  Or,  in 
other  words,  whenever  a  solid  is  converted  into  a 
fluid,  it  combines  with  a  certain  dose  of  heat 
without  any  augmentation  of  its  temperature ;  and 
it  is  this  dose  of  heat  which  occasions  the  change 
of  the  solid  into  a  fluid.  When  the  fluid  is  con- 
verted again  into  a  solid,  the  dose  of  heat  leaves 
it  without  any  diminution  of  its  temperature  ;  and 
it  is  this  abstraction  which  occasions  the  change. 
Thus  the  combination  of  a  certain  dose  of  heat 
with  ice  causes  it  to  become  water,  and  the  abstrac- 
tion of  a  certain  dose  of  caloric  from  water  causes 

*  Black's  Lectures,  preface,  p.  38. 
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it  to  become  ice.     Water,  then,  is  a  compound  of  chap.  n. 
ice  and  heat;  and  in  general,  all  fluids  are  com- 
binations  of  the  solid  to  which  they  may  be  con- 
verted by  cold  and  a  certain  dose  of  heat. 

Such  is  the  opinion  concerning  the  cause  of 
fluidity,  taught  by  Dr.  Black  as  early  as  1762.  Its 
truth  was  established  by  the  following  experiments: 

First,  If  a  lump  of  ice,  at  the  temperature 
22°,  be  brought  into  a  warm  room,  in  a  very  short ment- 
time  it  is  heated  to  32°,  the  freezing  point.  It 
then  begins  to  melt ;  but  the  process  goes  on  very 
slowly,  and  several  hours  elapse  before  the  whole 
ice  is  melted.  During  the  whole  of  that  time  its 
temperature  continues  at  32° ;  yet  as  it  is  con- 
stantly surrounded  by  warm  air,  we  have  reason  to 
believe  that  heat  is  constantly  entering  into  it. 
Now  as  none  of  this  heat  is  indicated  by  the 
thermometer,  what  becomes  of  it,  unless  it  has 
combined  with  that  portion  of  the  ice  which  is  con- 
verted into  water,  and  unless  it  is  the  cause  of  the 
melting  of  the  ice  ? 

Dr.  Black  took  two  thin  globular  glasses  four 
inches  in  diameter,  and  very  nearly  of  the  same 
weight.  Both  were  filled  with  water ;  the  contents 
of  the  one  were  frozen  into  a  solid  mass  of  ice,  the 
contents  of  the  other  were  cooled  down  to  33° ; 
the  two  glasses  were  then  suspended  in  a  large  room 
at  a  distance  from  all  other  bodies,  the  temperature 
of  the  air  being  47°.  In  half  an  hour  the  thermo- 
meter placed  in  the  water  glass  rose  from  33°  to  40°, 
or  seven  degrees :  the  ice  was  at  first  four  or  five 
degrees  colder  than  melting  snow  j  but  in  a  few 
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chap.  ii.  minutes  the  thermometer  applied  to  it  stood  at  32°. 
The  instant  of  time  when  it  reached  that  tempera- 
ture was  noted,  and  the  whole  left  undisturbed  for 
ten  hours  and  a  half.  At  the  end  of  that  time 
the  whole  ice  was  melted,  except  a  very  small 
spongy  mass,  which  floated  at  the  top  and  disap- 
peared in  a  few  minutes.  The  temperature  of  the 
ice-water  was  40°. 

Thus  10|  hours  were  necessary  to  melt  the  ice 
and  raise  the  product  to  the  temperature  of  40°. 
During  all  this  time  it  must  have  been  receiving 
heat  with  the  same  celerity  as  the  water  glass 
received  it  during  the  first  half-hour.  The  whole 
quantity  received  then  was  21  times  7,=14/7° ;  but 
its  temperature  was  only  40°:  therefore  139  or  140 
degrees  had  been  absorbed  by  the  melting  ice,  and 
remained  concealed  in  the  water  into  which  it  had 
been  converted,  its  presence  not  being  indicated  by 
the  thermometer.* 

That  heat  is  actually  entering  into  the  ice,  is 
easily  ascertained  by  placing  the  hand  or  a  thermo- 
meter under  the  vessel  containing  it.  A  current 
of  cold  air  may  be  perceived  descending  from  it 
during  the  whole  time  of  the  process. 

But  it  will  be  said,  perhaps,  that  the  heat  which 
enters  into  the  ice  does  not  remain  there,  but  is 
altogether  destroyed.  This  opinion  is  refuted  by 
the  following  experiment. 

Second,  If,  when  the  thermometer  is  at  22°,  we 
expose  a  vessel  full  of  water  at  52°  to  the  open  air, 

*  Black's  Lectures,  i.  120. 
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and  beside  it  another  vessel  full  of  brine  at  the  ChaP-  "• 
same  temperature,  with  thermometers  in  each  ;  we 
shall  find  that  both  of  them  gradually  lose  heat, 
and  are  cooled  down  to  32°.  After  this  the  brine 
(which  does  not  freeze  till  cooled  down  to  4<°)  con- 
tinues to  cool  without  interruption,  and  gradually 
reaches  22°,  the  temperature  of  the  air ;  but  the 
pure  water  remains  stationary  at  32°.  It  freezes, 
indeed,  but  very  slowly ;  and  during  the  whole 
process  its  temperature  is  32°.  Now,  why  should 
the  one  liquid  refuse  all  of  a  sudden  to  give  out 
heat,  and  not  the  other?  Is  it  not  much  more 
probable  that  the  water,  as  it  freezes,  gradually 
gives  out  the  heat  which  it  had  absorbed  during  its 
liquefaction  ;  and  that  this  evolution  maintains  the 
temperature  of  the  water  at  32°,  notwithstanding 
what  it  parts  with  to  the  air  during  the  whole  pro- 
cess ?  We  may  easily  satisfy  ourselves  that  the 
water  while  congealing  is  constantly  imparting  heat 
to  the  surrounding  air ;  for  a  delicate  thermometer 
suspended  above  it  is  constantly  affected  by  an 
ascending  stream  of  air  less  cold  than  the  air 
around.*  The  following  experiment,  first  made 
by  Fahrenheit,  and  afterwards  often  repeated  by 
Dr.  Black  and  others,  affords  a  palpable  evidence, 
that  such  an  evolution  of  heat  actually  takes  place 
during  congelation. 

Third,  If,  when  the  air  is  at  22°,  we  expose  to 
it  a  quantity  of  water  in  a  tall  beer  glass,  with  a 
thermometer  in  it  and  covered,  the  water  gradually 

*  Black's  Lectures,  i.  127. 
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chap.  ii.  eools  down  to  22°  without  freezing.  It  is  therefore 
10°  below  the  freezing  point.  Things  being  in  this 
situation,  if  the  water  be  shaken,  part  of  it  instantly 
freezes  into  a  spongy  mass,  and  the  temperature  of 
the  whole  instantly  rises  to  the  freezing  point ;  so 
that  the  water  has  acquired  ten  degrees  of  heat 
in  an  instant.  Now,  whence  came  these  ten 
degrees  ?  Is  it  not  evident  that  they  must  have 
come  from  that  part  of  the  water  which  was  frozen, 
and  consequently  that  water  in  the  act  of  freezing 
gives  out  heat  ? 

From  a  good  many  experiments  which  I  have 
made  on  water  in  these  circumstances,  I  have  found 
reason  to  conclude,  that  the  quantity  of  ice  which 
forms  suddenly  on  the  agitation  of  water,  cooled 
down  below  the  freezing  point,  bears  always  a  con- 
stant ratio  to  the  coldness  of  the  liquid  before  agi- 
tation. Thus  I  find  that  when  water  is  cooled 
down  to  22°,  very  nearly  TV  of  the  whole  freezes  j* 
when  the  previous  temperature  is  27°,  about  ^s  of 
the  whole  freezes.  I  have  not  been  able  to  make 
satisfactory  experiments  in  temperatures  lower  than 
2%° ;  but  from  analogy  I  conclude,  that  for  every 
five  degrees  of  diminution  of  temperature  below  the 
freezing  point,  without  congelation,  ^  of  the  liquid 
freezes  suddenly  on  agitation.  Therefore,  if  water 
could  be  cooled  down  28  times  five  degrees  below 
32°  without  congelation,  the  whole  would  congeal 
instantaneously  on  agitation,  and  the  temperature 
of  the  ice  would  be  32°.  Now  it  deserves  attention 

*  A  medium  of  several  experiments. 
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that  5  x  28  —  140,  gives  us  precisely  the  quantity  ChaP-  n- 
of  heat  which,  according  to  Dr.  Black's  experi- ~" 
inents,  enters  into  ice  in  order  to  convert  it  into 
water.  Hence  it  follows,  that  in  all  cases  when 
water  is  cooled  down  below  32°,  it  loses  a  portion 
of  the  heat  which  is  necessary  to  constitute  its 
liquidity.  The  instant  that  such  water  is  agitated, 
one  portion  of  the  liquid  seizes  upon  the  quantity 
of  caloric  in  which  it  is  deficient  at  the  expense  of 
another  portion,  which,  of  course,  becomes  ice. 
Thus  when  water  is  cooled  down  to  22°,  every  par- 
ticle of  it  wants  10°  of  the  heat  necessary  to 
keep  it  in  a  state  of  liquidity.  Thirteen  parts  of  it 
seize  ten  degrees  each  from  the  fourteenth  part. 
These  thirteen  of  course  acquire  the  temperature 
of  32°  ;  and  the  other  part  being  deprived  of  10  x 
13  =  130,  which,  with  the  ten  degrees  that  it  had 
lost  before  constitute  140°,  or  the  whole  of  the 
heat  necessary  to  keep  it  fluid,  assumes  of  conse- 
quence the  form  of  ice. 

Fourth,  If  these  experiments  should  not  be  con- 
sidered as  sufficient  to  warrant  Dr.  Black's  conclu- 
sion, the  following,  for  which  we  are  indebted  to 
the  same  philosopher,  puts  the  truth  of  his  opinion 
beyond  the  reach  of  dispute.  He  mixed  together 
given  weights  of  ice  at  32°  and  water  at  190°  of 
temperature.  The  ice  was  melted  in  a  few  seconds, 
and  the  temperature  produced  was  53°.  The 
weight  of  the  ice  was  119  half-drams ; 

That  of  the  hot  water  .  .  13 

of  the  mixture    .         .  .  254 

of  the  glass  vessel         .          .  1(> 
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chap.  ii.  Sixteen  parts  of  glass  have  the  same  effect  in  heating 

~  cold  bodies  as  eight  parts  of  equally  hot  water. 

Therefore,  instead  of  the  16  half-drams  of  glass, 

eight  of  water  may  be  substituted,  which  makes  the 

hot  water  amount  to  143  half-drams. 

In  this  experiment  there  were  158  degrees  of  heat 
contained  in  the  hot  water  to  be  divided  between 
the  ice  and  water.  Had  they  been  divided  equally, 
and  had  the  whole  been  afterwards  sensible  to  the 
thermometer,  the  water  would  have  retained  iff 
parts  of  this  heat,  and  the  ice  would  have  received 
1^1  parts.  That  is  to  say,  the  water  would  have 
retained  86°,  and  the  ice  would  have  received  7^°  '• 
and  the  temperature  after  mixture  would  have  been 
104°.  But  the  temperature  by  experiment  is  found 
to  be  only  53°;  the  hot  water  lost  137°,  and  the  ice 
only  received  an  addition  of  temperature  equal  to 
21°.  But  the  loss  of  18°  of  temperature  in  the 
water  is  equivalent  to  the  gain  of  21°  in  the  ice. 
Therefore  158°  —  18°  =  140°  of  heat  have  disap- 
peared altogether  from  the  hot  water.  These  140° 
must  have  entered  into  the  ice,  and  converted  it 
into  water  without  raising  its  temperature.* 

In  the  same  manner,  if  we  take  any  quantity  of 
ice,  or  (which  is  the  same  thing)  snow  at  32°,  and 
mix  it  with  an  equal  weight  of  water  at  172°,  the 
snow  instantly  melts,  and  the  temperature  of  the 
mixture  is  only  32°.  Here  the  water  is  cooled  140°, 
while  the  temperature  of  the  snow  is  not  increased 
at  all ;  so  that  140°  of  heat  have  disappeared. 

*  Black's  Lectures,  i.  123. 
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They  must  have  combined  with  the  snow  ;  but  they  chap.  n. 
have  only  melted  it  without  increasing  its  tern- 
perature.     Hence  it  follows  irresistibly,  that  ice, 
when  it  is  converted  into  water,  absorbs  and  com- 
bines with  heat. 

It  is  rather  difficult  to  ascertain  the  precise  num- 
ber of  degrees  of  heat  that  disappear  during  the 
melting  of  ice.  Hence  different  statements  have 
been  given.  Mr.  Cavendish,  who  informs  us  that 
he  discovered  the  fact  before  he  was  aware  that  it 
was  taught  by  Dr.  Black,  states  them  at  150°*; 
Wilke  at  130° ;  Black  at  140° ;  and  Lavoisier  and 
Laplace,  at  135°.  The  mean  of  the  whole  is  very 
nearly  140°. 

Water,  then,  after  being  cooled  down  to  32°, 
cannot  freeze  till  it  has  parted  with  140°  of  heat; 
and  ice,  after  being  heated  to  32°,  cannot  melt  till 
it  has  absorbed  140°  of  heat.  This  is  the  cause 
of  the  extreme  slowness  of  these  operations.  With 
regard  to  water,  then,  there  can  be  no  doubt  that 
it  owes  its  fluidity  to  the  caloric  which  it  contains, 
and  that  the  caloric  necessary  to  give  fluidity  to  ice 
is  equal  to  140°. 

To  the  quantity  of  heat  which  thus  occasions 
the  fluidity  of  solid  bodies  by  combining  with  them, 
Dr.  Black  gave  the  name  of  latent  heat,  because  its 
presence  is  not  indicated  by  the  thermometer :  a 
term  sufficiently  expressive,  but  other  philosophers 
have  rather  chosen  to  call  it  caloric  of  fluidity. 

Dr.  Black  and  his  friends  ascertained  also,  by 

*  Phil.  Trans.  1733,  p.  313. 
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chap.  ii.  experiment,  that  the  fluidity  of  melted  wax,  tallow, 
spermaceti,  and  metals,  is  owing  to  the  same  cause. 
Landriani  proved  that  this  is  the  case  with  sulphur, 
alum,  nitre,  and  several  of  the  metals  ;*  and  it  has 
been  found  to  be  the  case  with  every  substance 
hitherto  examined.  We  may  consider  it  therefore 
as  a  general  law,  that  whenever  a  solid  is  converted 
into  a  fluid,  it  combines  with  heat,  and  that  this 
is  the  cause  of  its  fluidity. 

5.  The  only  experiments  to  determine  the  latent 

bodies.  heat  of  other  bodies  besides  water,  that  have  been 
hitherto  published,  are  those  of  Dr.  Irvinet  and  his 
son  Mr.  William  Irvine.t  The  following  table 
exhibits  the  result  of  their  trials. 

•n   ,.  Ttti,  Eo.  reduced  to  the 

Bodies-  Latent  heat-  specific  heat  of  water. 

Sulphur  .  .  143-68           .         .  27-14 

Spermaceti      .  .  145 

Lead       .  :  t  .  162  V;      •  5'6 

Bees  wax  :.:  '  .  175 

Zinc        l:  Wfffc^fc  493  ^  ^  3^f  48-3 

Tin         .  K-:I-  .  500  ^I'fj  j&$f*i  33 

Bismuth  550  .  23'25 

The  latent  heat  of  spermaceti,  wax,  and  tin,  were 
determined  by  Dr.  Irvine  ;  that  of  the  rest  by  his 
son.  The  latent  heat  in  the  second  column 
expresses  the  degrees  by  which  it  would  have 
increased  the  temperature  of  each  of  the  bodies 
respectively  when  solid,  except  in  the  case  of 
spermaceti  and  wax ;  in  them  it  expresses  the 

*  Jour,  de  Phys.  xxv.  f  Black's  Lectures,  i.  187. 

J  Nicholson's  Jour.  ix.  45. 
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increase  of  temperature  which  would  have  been  cimp.  11. 
produced  upon  them  while  fluid. 

6.  Dr.  Black  has  rendered  it  exceedingly  pro- 
bable also,  or  rather  he  has  proved  by  his  experi- 
ments and  observations,  that  the  softness  of  such 
bodies  as  are  rendered  plastic  by  heat  depends 
upon  a  quantity  of  latent  heat  which  combines 
with  them.  Metals  also  owe  their  malleability  and 
ductility  to  the  same  cause.  Hence  the  reason 
that  they  become  hot  and  brittle  when  hammered. 

It  is  greatly  to  be  regretted  that  this  interesting 
subject  has  not  been  farther  prosecuted.  Mean- 
while the  knowledge  we  have  already  gained  will 
enable  us  to  account  for  many  important  natural 
phenomena.  It  will  be  worth  while  to  give  a  few 
examples. 

1.  It  is  well  known  that  there  are  certain  sub-  Freezing 

1-11  •  •  mixtures 

stances  which  when  mixed  together  induce  a  con-  explained. 
siderable  cold.  These  substances  are  used  for  the 
purpose  under  the  name  of  'freezing  mixtures.  Snow 
and  salt  are  two  such  substances.  If  we  mix  them 
together  in  about  equal  quantities  in  a  glass  or  stone 
ware  vessel,  a  thermometer  plunged  into  the  mix- 
ture sinks  down  to  zero  and  continues  at  this  low 
temperature  for  a  considerable  time.  There  is 
reason  to  believe  that  this  important  experiment, 
which  has  added  so  much  to  the  enjoyment  of  the 
rich  in  hot  climates,  was  first  made  by  Sanctorio 
about  the  close  of  the  16th  century.  Nitre  and 
snow  had  been  already  used  as  a  freezing  mixture 
by  the  Italian  pastry-cooks.  But  Sanctorio  informs 
us  in  his  commentary  on  Avicenna  that  he  pro- 
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chap.  ii.  duced  the  same  effect  by  substituting  common  salt 
~  for  nitre,  in  the  proportion  of  three  parts  snow  to 
one  part  of  salt ;  and  that  he  had  repeatedly  per- 
formed the  experiment  before  numerous  audiences. 
A  still  greater  diminution  of  temperature  is  pro- 
duced by  pouring  nitric  acid  previously  diluted 
with  water  upon  snow.  And  when  dry  snow  and 
dry  chloride  of  calcium  (retaining  its  water  of 
crystallization)  in  the  proportion  of  one  part  of  the 
former  to  two  parts  of  the  latter  are  mixed,  so 
great  a  cold  is  produced  that  mercury  may  easily 
be  frozen  by  it  even  in  a  warm  room. 

The  first  person  who  made  experiments  on 
freezing  mixtures  was  Fahrenheit.  But  the  subject 
was  much  more  completely  investigated  by  Mr. 
Walker  in  various  papers  published  in  the  Philo- 
sophical Transactions  from  1787  to  1801.  Several 
curious  additions  have  been  made  by  Professor 
Lowitz.  The  experiments  of  Lowitz  have  been 
repeated  and  extended  by  Mr.  Walker.*  •  The 
result  of  all  these  experiments  may  be  seen  in  the 
following  tables,  which  I  transcribe  from  a  paper 
with  which  I  have  been  favoured  by  Mr.  Walker. 

*  Phil.  Trans.  1801,  p.  120. 
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TABLE  l.—  Frigorific  Mixtures  without  Ice. 

Mixtures. 

Thermometer  sinks. 

Degree  of 
cold  pro- 
duced.. 

Parts. 

Muriate  of  ammonia     5 
Nitrate  of  potash      .     5 
Water  16 

From  -f  50°  to  +  10°. 

40 

Muriate  of  ammonia     5 
Nitrate  of  potash      .     5 
Sulphate  of  soda       .     8 
Water  16 

From  +  50°  to  -f  4°. 

46 

Nitrate  of  ammonia       1 
Water  1 

From  +  50°  to  +  4°. 

46 

Nitrate  of  ammonia       1 
Carbonate  of  soda    .     1 
Water  1 

From  +  50°  to  —  7°. 

57 

Sulphate  of  soda       .     3 
Diluted  nitric  acid  .     2 

From  +  50°  to  —  3°. 

53 

Sulphate  of  soda  .     .     6 
Muriate  of  ammonia     4 
Nitrate  of  potash      .     2 
Diluted  nitric  acid   .     4 

From  -f  50°  to  --  10°. 

60 

Sulphate  of  soda       .     6 
Nitrate  of  ammonia       5 
Diluted  nitric  acid   .     4 

From  +  50°  to—  14°. 

64 

Phosphate  of  soda    .     £ 
Diluted  nitric  acid  .     4 

From  +  50°  to  —  12°. 

62 

Phosphate  of  soda    .     9 
Nitrate  of  ammonia      6 
Diluted  nitric  acid   .     4 

From  -f-  50°  to  —  21°. 

71 

Sulphate  of  soda       .     8 
Muriatic  acid       .     .     5 

From  +  50°  to  0°. 

50 

Sulphate  of  soda       .     5 
Diluted  sulphuric  acid  4 

From  +  50°  to  -f  3°. 

47- 
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N.  B.  If  the  materials  are  mixed  at  a  warmer  temperature  than  that  ex- 
pressed in  the  table,  the  effect  will  be  proportionally  greater ;  thus  if  the 
most  powerful  of  these  mixtures  be  made,  when  the  air  is  -f-  85°,  it  will 
sink  the  thermometer  to  -|-  2°. 
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TABLE  ll.—Frigorific  Mixtures  with  Ice. 


Mixtures. 

rhermometer  sinks. 

Degree  of 
cold  pro- 
duced. 

Parts. 

Snow,  or  pounded  ice  2 
Muriate  of  soda  .     .      1 

f 

'     to  —  5°. 

# 

Snow,  or  pounded  ice  5 
Muriate  of  soda  .     .     2 
Muriate  of  ammonia     1 

1 
I 

to  —  12°. 

* 

Snow,  or  pounded  ice  24 
Muriate  of  soda  .     .10 
Muriate  of  ammonia     5 
Nitrate  of  potash      .     5 

S  j 
1* 

i 

i 

to  —  18°. 

* 

Snow,  or  pounded  ice  12 
Muriate  of  soda  .     .     5 
Nitrate  of  ammonia       5 

_     to  —  25°. 

* 

Snow     3 

Diluted  sulphuric  acid  2 

From 

4-  32°  to  —  23°. 

55 

Snow     8 

Muriatic  acid      .     .     5 

From 

+  32°  to  —  27°. 

59 

Snow     7 

Diluted  nitric  acid   .     4 

From 

+  32°  to  —  30°. 

62 

Snow     4 

Muriate  of  lime  .     .     5 

From 

+  32°  to  —  40°. 

72 

Snow     2 

Cryst.  muriate  of  lime  3 

From 

+  32°  to  —  50°. 

82 

Snow     3 

Potash  4 

From 

+  32°  to  —  51°. 

83 
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TABLE  HI — Combinations  of  Frigorific  Mixtures. 
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Mixtures. 

Thermometer  sinks. 

Degree  of 
cold  pro- 
duced. 

Parts. 

Phosphate  of  soda     .     5 
Nitrate  of  ammonia  .     3 
Diluted  nitric  acid   .     4 

From  0°  to  —  34°. 

34 

Phosphate  of  soda    .     3 
Nitrate  of  ammonia  .     2 
Diluted  mixed  acids      4 

From  —  34°  to  —  50°. 

16 

Snow     3 

Diluted  nitric  acid   .     2 

From  0°  to  —  46°. 

46 

Snow     8 
Diluted  sulph.  acid    3") 
Diluted  nitric  acid    3  3 

From  —  10°  to—  56°. 

46 

Snow     1 

Diluted  sulphuric  acid  1 

From  —  20°  to  —  60°. 

40 

Snow     3 

Muriate  of  lime  .     .     4 

From  +  20°  to  —  48°. 

68 

Snow     3 

Muriate  of  lime  .     .     4 

From  +  10°  to  —  54°. 

64 

Snow     .     .     .     .     .     2 

Muriate  of  lime  .     .     3 

From  —  15°  to  —  68°. 

53 

Snow     1 

Cryst.  muriate  of  lime  2 

From  0°  to  —  66°. 

66 

Snow     1 
Cryst.  muriate  of  lime  3 

From  —  40°  to  —  73°. 

33 

Snow     8 

Diluted  sulphuricacid  10 

From  —  68°  to  —  91°. 

23 
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chap.  ii.  In  order  to  produce  these  effects,  the  salts  em- 
ployed must  be  fresh  crystallized,  and  newly  reduced 
to  a  very  fine  powder.  The  vessels  in  which  the 
freezing  mixture  is  made  should  be  very  thin,  and 
just  large  enough  to  hold  it,  and  the  materials 
should  be  mixed  together  as  quickly  as  possible. 
The  materials  to  be  employed  in  order  to  produce 
great  cold  ought  to  be  first  reduced  to  the  tempe- 
rature marked  in  the  table,  by  placing  them  in  some 
of  the  other  freezing  mixtures  ;  and  then  they  are 
to  be  mixed  together  in  a  similar  freezing  mixture. 
If,  for  instance,  we  wish  to  produce  a  cold  =  —  46°, 
the  snow  and  diluted  nitric  acid  ought  to  be 
cooled  down  to  0°,  by  putting  the  vessel  which 
contains  each  of  them  into  the  first  freezing  mix- 
ture in  the  second  table  before  they  are  mixed 
together.  If  a  still  greater  cold  is  required,  the 
materials  to  produce  it  are  to  be  brought  to  the 
proper  temperature  by  being  previously  placed  in 
the  second  freezing  mixture.  This  process  is  to 
be  continued  till  the  required  degree  of  cold  has 
been  procured.* 

It  is  sometimes  a  matter  of  convenience  to  pro- 
duce cold  when  we  have  no  snow  or  ice.  This 
may  be  done  by  dissolving  rapidly  any  salt  con- 
taining much  water  of  crystallization.  Glauber 
salt  is  one  of  the  most  convenient,  and  dilute  mu- 
riatic acid  or  sulphuric  acid  the  most  suitable  liquid 
to  dissolve  it  in.  The  following  experiments  by 
Professor  Bischof  of  Bonn,  will  enable  the  reader 

*  Walker,  Phil.  Trans.  1795. 
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to  judge  of  the  degree  of  cold  which  may  be  pro-  chap,  n. 


Mixture. 


(1) 


>  way. 

Sinks  the  thermometer.     Cold  produced. 

Cold  pro- 

From         To 

duced  by 

.  Sulphuric  acid 
.  Water 

dissolving 
sulphate  of 
soda  in  di- 

Glauber salt 

54°-5   16°-25 

38-°25 

lute  sulphu- 

. Sulphuric  acid 

ric  acid. 

Water 

Glauber  salt 

54-5     22-44 

32-06 

,  Sulphuric  acid 

Water 

Glauber  salt 

54-5     20-19 

3431 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5           14 

40-5 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5          10£ 

44— 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5            7£ 

47-25 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5           7J 

47-25 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5           7£ 

47-25 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5           6£ 

-48-4 

.  Sulphuric  acid 

Water 

Glauber  salt 

54-5           5 

49-5 

500  gr. 
500  gr. 
1250  gr. 

(2)  500  gr, 
750 

1560 

(3)  500  gr. 
635 

1400 

(4)  500  gr. 
208 
885 

(5)  500  gr, 
500 

1250 

(6)  500  gr, 
300 
990 

(7)  500  gr, 
250 
937 

(8)  500  gr, 
500 

1000 

(9)  500  gr, 
416 

1150 

(10)  500  gr, 
333 

1040 

The  acid  and  water  must  be  previously  mixed 
and  allowed  to  cool,  before  the  glauber  salt  be 
added.  It  should  be  in  powder,  but  retaining  all 
its  water  of  crystallization.* 

*  Schweigger's  lahrbuch,  xxii.  370. 
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chap.  ii.  All  substances  which  produce  cold  on  mixture, 
act  chemically  on  each  other.  They  are  either  both 
solid,  or  at  least  one  of  them  is  solid,  and  they 
begin  to  liquefy  as  soon  as  they  are  mixed.  Indeed 
every  mixtures  that  generates  cold,  contains  a  con- 
siderable quantity  of  water  in  a  solid  state,  and 
consequently  destitute  of  its  latent  heat.  This  is 
the  case  with  snow,  which  is  almost  always  a  con- 
stituent of  every  freezing  mixture.  Chloride  of 
calcium  in  crystals  contains  more  than  half  its 
weight  of  solid  water.  Now  whenever  the  two 
substances  so  mixed  begin  to  act  on  each  other, 
the  tendency  to  liquefaction  is  greatly  increased. 
The  degree  of  cold  is  always  proportional  to  the 
rapidity  of  the  liquefaction.  Hence  snow  and 
chloride  of  calcium  or  potash,  which  liquefy  imme- 
diately on  mixture,  produce  a  much  greater  cold 
than  snow  and  common  salt,  which  liquefy  very 
slowly.  But  the  cold  produced  by  the  former 
mixtures  continues  a  much  shorter  time  than  that 
produced  by  the  latter. 

In  proportion  as  the  solid  bodies  become  liquid 
they  must  absorb  latent  heat.  This  they  can  only 
obtain  from  the  bodies  in  the  neighbourhood. 
Hence  they  absorb  heat  with  avidity  from  all 
bodies  in  contact  with  them.  But  when  a  body 
absorbs  heat  from  those  in  contact  with  it,  we  say 
that  it  is  cold ;  and  the  more  rapidly  it  absorbs 
heat  the  colder  it  is. 

2.  There  are  many  salts  which  dissolve  in  hot 
water  in  considerably  greater  quantity  than  in  cold 
water.  If  such  hot  solutions  be  set  aside  till  they 
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cool,  the  excess  of  salt  which  they  contain  will  be  ChaP-  n* 
deposited  in  crystals,  and  no  more  will  remain  in 
solution  than  cold  water  is  capable  of  taking  up. 
But  in  some  rare  instances  it  happens  that  if  the 
hot  solution  be  put  into  a  phial  and  corked  up  *^dtea"li 
and  allowed  to  cool  without  agitation,  no  crystals tion- 
will  be  deposited,  so  that  we  obtain  a  cold  solution 
holding  more  salt  than  water  of  the  same  tempera- 
ture is  capable  of  dissolving.     But  the  moment  we 
draw   out   the   cork    from    the   phials   containing 
them,  a  quantity  of  the  salt  suddenly  crystallizes, 
and  the  temperature  of  the  liquid  at  the  same  time 
rises.      Carbonate  of  soda  and  sulphate  of  soda 
constitute  two  such  salts. 

To  form  a  solution  of  carbonate  of  soda  which 
may  be  cooled  down  to  50°  without  crystallizing  in 
a  close  phial,  but  which  deposits  crystals  when  the 
cork  is  drawn,  we  have  only  to  dissolve  one  ounce 
of  anhydrous  carbonate  in  4*22  ounces  of  hot  water. 
When  such  a  solution  is  agitated  by  drawing  the 
cork  at  the  temperature  of  50°,  a  copious  precipitate 
of  small  crystals  in  the  form  of  stars  takes  place ; 
and  the  temperature  of  the  solution  is  elevated  14°. 
The  crystals  deposited  in  this  case,  supposing  them 
anhydrous,  weigh  123-15  grains,  the  water  of  crys- 
tallization belonging  to  which  is  223.6  grains.  The 
whole  weight  of  the  liquid  and  phial  (substituting 
for  the  glass  the  requisite  weight  of  water)  was 
214Q-5  grains.  Of  which  223-6  grains  make  ?.%? 
part.  Now  if  this  water  of  crystallization  had 
given  out  the  whole  of  its  latent  heat,  this  evolution 
would  have  raised  the  temperature  to  14°*96.  Thus 
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chap.  ii.  we  see  that  the  elevation  of  temperature  in  this  case 
is  owing  to  the  latent  heat  given  out  by  the  water 
when  it  becomes  solid  by  uniting  to  the  precipitated 
salt. 

To  form  a  solution  of  sulphate  of  soda  possessing 
the  requisite  properties,  we  must  dissolve  51  parts 
of  the  crystals  in  49  parts  of  hot  water.  When 
such  a  solution  is  allowed  to  cool  in  a  corked  phial, 
if  we  draw  the  cork  it  begins  immediately  to 
crystallize  on  the  surface,  and  the  crystals  shoot 
slowly  till  they  reach  the  bottom  of  the  phial.  The 
whole  liquid  appears  converted  into  fibrous  crystals. 
But,  in  reality,  two-thirds  of  the  salt  are  deposited 
in  crystals,  and  one-third  remains  in  solution.  When 
the  weight  of  the  solution  of  sulphate  of  soda  was 
2118  grains,  and  that  of  the  phial  1032  grains,  the 
increase  of  temperature  was  24°.  The  crystals  of 
salt  deposited  weighed  JI3  grains  ;  the  water  of 
crystallization  of  which  amounts  to  399  grains  ;  the 
weight  of  the  solution  and  phial  are  equivalent  to 
1752  grains  of  water.  Now,  399  is  about  ¥.fg  of 
1752.  And  24°  x  4-39  =  105°-36.  This  is  34°f 
less  than  the  latent  heat  of  the  water  of  crystalliza- 
tion. The  reason  of  this  is,  that  the  crystals 
deposited  at  first  do  not  amount  to  713  grains,  but 
only  to  530  grains.  The  evolution  of  heat  prevent- 
ing the  183  residual  grains  from  being  deposited, 
till  the  liquid  cools.  Now,  the  water  of  crystalliza- 
tion of  530  grains  of  the  salt  is  only  300  grains, 
constituting  j.^  of  the  whole.  Now,  24°  x  5-83 
=  139°'92  =  very  nearly  to  the  latent  heat  of  the 
water  of  crystallization.  Thus  we  see  that  the  heat 
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evolved  in  these  cases  of  crystallization  is  owing  chap.  n. 
chiefly,  if  not  entirely,  to  the  water  of  crystalliza-  " 
tion  giving  out  its  latent  heat  at  the   instant   it 
becomes  solid.* 

The  reason  why  these  two  salts  remain  in  solution, 
must  be  the  strong  affinity  which  the  water  has  for 
heat.  In  like  manner,  both  sulphur  and  phosphorus 
often  remain  liquid  at  the  common  temperature  of 
the  atmosphere ;  but  when  touched  with  a  rod, 
they  give  out  heat  arid  become  solid. 

3.  Iron,  copper,  gold,  silver,  and  one  or  two 
other  metals,  are  both  malleable  and  ductile.  They 
may  be  flattened  under  the  hammer  and  drawn  out 
into  wire,  by  being  squeezed  through  holes  drilled 
in  a  steel  plate.  Now,  when  any  of  these  metals 
has  been  hammered  for  some  time  so  as  to  increase 
its  surface,  to  a  certain  amount  it  becomes  brittle. 
If  we  still  continue  to  hammer  it,  instead  of  extend- 
ing farther,  it  cracks  and  splits  and  breaks  in  pieces. 
To  restore  the  malleability,  we  must  heat  the  piece 
of  metal  in  the  fire  and  allow  it  to  cool  slowly.  This 
process  is  called  annealing. 

Now,  there  is  a  circumstance  which  always  accom- 
panies the  hammering  of  metals,  or  the  drawing 
them  out  into  wires  or  plates.  They  become  hot ; 
sometimes  even  red  hot,  and  usually  so  hot  that 
they  burn  the  fingers.  Thus  it  appears  that  the 
forcing  out  of  heat  occasions  brittleness  in  these 
metals.  And  to  restore  the  malleability  and  duc- 

*  The  specific  heat  of  a  saturated  solution  of  carbonate  of  soda 
is  about  0-75,  that  of  a  saturated  solution  of  sulphate  of  soda  about 
0-73  The  specific  heat  of  the  phial  was  reckoned  0-2. 
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chap.  ii.  tility,  we  must  heat  them  artificially,  and  allow 
them  to  cool  slowly ;  that  is  to  say,  we  must  again 
restore  the  heat  which  had  been  forced  out.  Thus 
malleability  and  "ductility  would  seem  to  depend 
upon  a  certain  quantity  of  latent  heat  in  the  metals 
which  possess  these  qualities ;  and  the  process  of 
annealing  is  merely  the  restoration  of  this  latent 
heat  after  it  has  been  separated.  If  annealing  con- 
sisted in  merely  heating  metals  without  adding  any 
foreign  heat,  there  is  no  visible  reason  why  an  iron 
rod  which  has  been  heated  to  redness  by  hammer- 
ing should  require  annealing.  For  it  is  already  as 
hot  as  is  required  by  the  annealing  process.  Yet, 
it  is  well  known,  that  iron  which  has  been  made 
red  hot,  by  hammering  has  lost  its  malleability,  and 
that  it  cannot  be  hammered  again  till  it  has  been 
annealed. 


CHAPTER  III. 


OF    VAPORIZATION. 

BY  vaporization  is  meant  the  property  which  heat  ChaP- 1IL 
has  of  changing  liquid  bodies  into  vapours.     I  shall 
divide  this  chapter  into  three  sections.     In  the  first 
we  shall  treat  of  vapours,  in  the  second  of  gases, 
and  in  the  third  of  spontaneous  evaporation. 

SECTION  I.     OF  VArOURS. 

Vapour  is  an  extremely  rare,  light,  and  expansible  Nature  of 
body,  like  air;  and  capable,  like  it,  of  being  easily 
reduced  into  less  space  by  external  pressure,  and 
resisting,  like  it,  the  force  which  thus  compresses 
it.  Suppose  a  single  teaspoonful  of  water  to  be  put 
into  a  glass  globe  capable  of  holding  several  gallons, 
and  exhausted  of  air.  If  heat  enough  be  applied 
to  the  globe,  the  water  gradually  diminishes  in  bulk, 
and  at  last  disappears,  so  that  the  vessel  will  appear 
empty.  Yet  it  is  completely  filled  with  the  water 
now  existing  in  the  state  of  transparent  and  invisible 
vapour.  By  increasing  the  heat,  we  increase  the 
expansive  force  of  this  vapour  ;  and  we  may  in- 
crease it  till  it  burst  the  globe  and  shatter  it  in 
pieces. 

1.  A  glass  jar  capable  of  holding  100  cubic  inches 
being   filled    with  mercury,    and  placed   inverted 
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chap.  in.  into  a  basin  of  mercury,  if  we  let  up  into  it  about 
"19  grains  of  water,  and  raise  the  temperature  to 
212°  the  water  will  disappear,  being  converted  into 
vapour,  and  the  mercury  will  at  the  same  time  sink 
to  the  bottom  of  the  jar,  the  19  grains  of  water 
converted  into  vapour  occupying  the  volume  of  100 
cubic  inches.  The  bulk  into  which  water  expands 
by  the  ordinary  boiling  heat,  producing  a  steam 
equally  elastic  with  common  air,  is  very  great.  But 
it  was  very  much  overrated  at  first.  Dr.  Desa- 
guliers  reckoned  the  expansion  1 4,000  times  the 
original  bulk.  Mr.  Watt  was  the  first  person  who 
of'water00  determined  it  with  an  approach  to  accuracy.  From 
v^rteVhilo  kig  experiments  he  drew,  as  a  consequence,  that 
steam.  water  when  converted  into  steam  increases  in  bulk 
1800  times.  From  the  experiments  of  Guy-Lussac 
it  appears  that  the  specific  gravity  of  steam  is  0*625, 
that  of  air  being  1.  If,  therefore,  100  cubic  inches 
of  air  weigh  31*1446  grains,  as  follows  from  the 
experiments  of  Biot  and  Arago,  it  is  obvious  that 
the  same  volume  of  steam  will  weigh  19 '465  grains. 
Now  a  cubic  inch  of  water  at  60°  weighs  252*52 
grains.  It  is  obvious  that  252*52  grains  of  water, 
when  converted  into  steam,  vv.ould  occupy  1297*3 
cubic  inches,  which,  therefore,  should  be  the  true 
increase  of  volume  when  water  is  converted  into 
steam.  But  if  0.625  be  the  specific  gravity  of  steam 
at  212°  compared  with  that  of  air,  reckoned  1  at  the 
same  temperature,  then  the  expansion  will  be  greater, 
and  will  approach  nearly  to  the  determination  of 
Mr.  Watt.  For  on  that  supposition  the  specific 
gravity  of  steam  at  212°  compared  with  air,  reck- 
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oned  1  at  C)0°  would  be  only  0-481.     So  that  100  Sect.  i. 
cubic  inches  of  it  would  weigh  14'98  grains.     And" 
a  cubic  inch  of  water,  when  converted  into  steam, 
would  expand  into  1689  cubic  inches. 

This  change,  like  fluidity,  is  produced  by  the 
increase  of  the  temperature  of  the  body  so  changed. 
Now  the  temperature  at  which  the  change  takes 
place  is  found  to  differ  in  almost  every  kind  of 
matter.  The  temperature  must  be  kept  up,  in  order 
that  the  vaporous  form  may  remain.  If  the  heat 
be  reduced  the  vapour  loses  its  elasticity,  and  col- 
lapses into  that  form  from  which  it  was  produced. 
Thus  steam  whenever  it  impinges  against  a  cold 
body,  is  immediately  condensed  again  into  water. 

2.  The  vaporific  or  boiling  point  of  most  bodies 

is  higher  than  that  which  is  necessary  to  give  them  bodies- 
liquidity ;  but  to  this  there  are  some  exceptions. 
Thus  arsenic  and  benzoic  acid  are  converted  into 
vapours  at  a  lower  temperature  than  is  required  to 
melt  them.  Bodies  easily  converted  into  vapour, 
are  called  volatile ;  while  those  are  called  Jixed, 
which  require  a  high  temperature  to  induce  this 
change,  or  which  cannot  be  converted  into  vapour, 
by  the  greatest  heat  which  we  have  it  in  our  power 
to  raise. 

3.  The  temperature  at  which  bodies  are  converted  ^""1 
into  vapour  is  usually  called  their  boiling  point.  <i|lids- 
This  point  is  very  different  in  different  liquids ;  but, 
other  things  remaining  the  same,  it  is  constant  for 
every  particular  liquid.    The  following  table  exhibits 
the  boiling  points  of  a  few  liquids,  in  which  that 
point  has  been  determined  with  precision. 
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Chap.  III.  Boiling  point. 

Muriatic  ether  .         .      .  t.         52° 

Sulphuric  ether  ;  '.  ";     ;.         .    '      96 

Bisulphuret  of  carbon          ! 'vv •'"*    ^'-  116 

Ammonia  (sp.  gr.  0'945)     '^  /     <U*r  140 

Oil  of  laurel*         .         .      o^:'  \9£fS  150 

Acetic  ether  .         .         .      ,  •»•!  160 

Alcohol  (sp.  gr.  0-798)         n<^-  <r,=  ,  173 

Water  .      ft.f(;      .      j?.(>     ^  212 

Nitric  acid  (sp.  gr.  1-42)     >......»,  248 

Crystallized  muriate  of  lime  .  302 

Oil  of  turpentine  V'1 '     .         .  314 

Naphtha  */"'  *  ?/'  >fLf-"v  ':;'  320 

Phosphorus  :i^  ;        iil'j^1    WW    554, 

Sulphuric  acid  (sp.gr.  1*843)          i       620 
Whale  oil  .     :«W:;     .      ;„  •;   630 

Mercury  --^ -.\      .      >  ;A\;    tt;  ;,Y   668 

The  boiling  points  of  the  following  saline  solu- 
tions have  been  determined  by  Mr.  Griffith.! 

Salt  in  100  of  Boiling  point, 

the  solution. 

Sulphate  of  soda   .  .  31-5         .  213° 

Corrosive  sublimate  .  ;.  214 

Cyanuret  of  mercury  V  3*5  !>t.  '  214 

Acetate  of  copper  >  v  16*5  vr*]  214 

Bitartrate  of  potash  .  9-5         ^>-  214 

Nitrate  of  barytes  .  265         .  214 

Sulphate  of  potash  .  17-5         .  215 

*  This  is  a  volatile  oil  which  comes  from  Demerara.  It  is 
obtained  by  tapping  some  unknown  tree  in  the  interior  of  South 
America.  It  is  a  volatile  oil  holding  a  resin  in  solution,  and  begins 
to  boil,  I  find,  at  150°.  But  the  temperature  rapidly  rises  as  the 
boiling  proceeds.  Showing  the  presence  of  a  number  of  oils  differ- 
ing in  their  volatility. 

f  Journal  of  Science,  xviii.  90, 
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Acetate  of  lead      .      ;!^;t 

Salt  in  10U  of 
the  solution. 

41-5 

Boiling  point. 

•$.       215° 

Sect.  I. 

Nitrate  of  lead 

52-5 

VJi        216 

Protosulphate  of  iron     . 
Sulphate  of  copper 
Potash-sulphate  of  copper 
Boracic  acid 

64 
45 

40 

JRj      216 
•         2l6 

,;•'     217 

Y        218 

Chlorate  of  potash 
Prussiate  of  potash 
Oxalate  of  ammonia 

40 
55 
29 

:*JM      218 
218 
218 

Oxalate  of  potash 
Alum 

40 
52 

220 
220 

Sulphate  of  zinc    . 
Muriate  of  barytes 
Carbonate  of  soda 

45 
45 

220 
220 
220 

Phosphate  of  soda 
Borax 

52-5 

222 
222 

Bisulphate  of  potash 
Sulphate  of  magnesia 
Nitrate  of  strontian 

57-5 
53 

r>*:r     220 

Y-;    222 

224 

Common  salt 

30 

224 

Tartrate  of  potash 
Sulphate  of  nickel 
Sal  ammoniac 

68 
65 

50 

234 
235 
236 

Nitrate  of  potash 
Potash-tartrate  of  soda 

74 
90 

/  .      238 
.*'      240 

Nitrate  of  soda      . 

60 

246 

Acetate  of  soda      .         • 

60 

256 

Muriate  of  lime  (saturated)    — 

264* 

4.  The  boiling  point  of  liquids  is  not  quite  so 
steady  as  the  melting  or  freezing  point  ;  for  it  is 
affected  by  the  degree  of  pressure  to  which  the 
liquid   is   exposed.      This  was   first   observed   by 

Boiling 
point  affect- 
ed by  the 
height  of 
the  harome- 
ter. 

By  my  determination. 
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chap,  in.  Boyle  while  engaged  in  his  experiments  with  the 
air-pump.  Fahrenheit  afterwards  noticed  that  the 
boiling  point  of  water,  examined  by  the  same  ther- 
mometer, differs  at  different  times.  And  he  found 
that  this  depended  upon  the  height  of  the  barome- 
ter. When  the  barometer  stands  high  the  boiling 
point  is  a  little  higher  than  usual,  while  it  is  a  little 
lower  than  usual  when  the  barometer  is  low.  The 
knowledge  of  this  fact  induced  him  to  attend  to 
the  height  of  the  barometer  when  he  graduated  his 
thermometers.  The  determination  of  General  Roy 
has  been  generally  adopted  in  this  country,  as  upon 
the  whole  the  most  correct.  The  following  table 
shows  the  temperature  at  which  water  boils  (accord- 
ing to  him)  at  the  different  heights  of  the  barometer. 

Barometer.  Boiling  point. 

26  inches        7        !       VV^'      204°.91 

26.5     . '  ;;;     .    !"^;£!    205.79 

27  206.67 


27.5 

28 

28.5 

29 

29.5 

30 

30.5 

31 


207.55 

208.43 

209.31 

210.19 

211.07 

212 

212.88 

213.76 


From  this  table  it  appears  that  for  every  half  inch 
of  variation  in  the  barometer,  the  boiling  point 
of  water  varies  0.88  of  a  degree.  Consequently 
every  tenth  of  an  inch  that  the  barometer  rises  or 
falls  either  raises  or  lowers  the  boiling  point  of 
water  by  0.176  of  a  degree. 
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The  mean  height  of  the  barometer  at  the  sea    Sect.  i. 
shore  is  29.82  inches.     In   this  country  it  seldom 
rises  much  higher  than  31    inches,  or  sinks  much 
lower  than  28|  inches.     Since  the  year   1817  to 
1829  (both  inclusive)  it  has  never  been  higher  in 
Glasgow  (at  about  50  feet  above  the  level  of  the 
sea)  than  30.8  inches,  nor  lower  than  28.417  inches. 
So  that    in    Glasgow  the   boiling  point  of  water 
varies  from  213°|  to  209°y,  or  almost  4£  degrees  of 
Fahrenheit. 

5.  When  water  is  heated  in  close  vessels  wi 
cannot  make  its  escape  till  it  overcome  a  considera-  £reeaats£| by 
ble  pressure,  its  boiling  point  may  be  made  to  rise 
to  a  much  higher  temperature  than  212°.  Papin, 
an  ingenious  French  physician,  who  resided  in 
London,  contrived  a  vessel  for  this  purpose,  to 
which  he  gave  the  name  of  digester.  It  was  a 
cylindrical  copper  vessel,  having  a  lid  nicely  fitted 
to  it  and  kept  fast  by  screws.  If  this  vessel  be  half 
filled  with  water,  and  the  lid  screwed  down  tight, 
and  if  it  be  then  set  upon  burning  coals,  a  portion 
of  the  water  is  soon  converted  into  steam.  This 
conversion  begins  at  the  boiling  point  of  water. 
But  the  elastic  vapour  being  confined,  presses  upon 
the  surface  of  the  water,  and  thus  prevents  the  con- 
version of  any  more  of  it  into  steam,  till  the  tem- 
perature of  the  water  rises  above  the  boiling  point. 
This  heat  being  conveyed  to  the  steam,  it  now 
becomes  capable  of  bearing  the  addition  of  another 
portion  of  vapour  without  being  condensed  into 
water.  Thus  the  quantity,  and  consequently  the 
elasticity  of  the  steam  is  continually  increasing  with 
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chap.  in.  the  temperature  of  the  water.  By  this  contrivance 
~~  the  temperature  of  water  has  been  raised  in  close 
vessels  as  high  as  419°.  Muschenbroek  even 
assures  us  that  he  raised  the  temperature  of  water 
in  digesters  high  enough  to  melt  tin.  Now  tin  fuses 
at  the  temperature  of  442°. 

The  elasticity  of  steam  at  419°,  is  1050  times 
greater  than  that  of  atmospheric  air ;  so  that  it 
exerts  a  force  equivalent  to  14,700  Ibs.  upon  every 
square  inch  of  the  inside  of  the  vessel  in  which  it 
is  confined.  This  pressure  is  so  enormous,  that 
few  vessels  can  be  made  strong  enough  to  withstand 
it.  Dreadful  accidents  have  taken  place  in  conse- 
quence of  the  bursting  of  such  vessels.  It  was  to 
guard  against  the  possibility  of  these,  that  what  is 
known  by  the  name  of  the  safety  valve  was  added 
to  the  digester.  This  consists  of  an  opening  made 
in  the  digester  to  let  out  the  steam  when  it  becomes 
too  elastic  to  be  confined,  without  hazarding  the 
bursting  of  the  vessel.  This  opening  is  covered 
with  a  metal  plate,  ground  flat  so  as  to  fit  it  exactly. 
This  mouth  piece  is  kept  down  by  a  lever,  to  the 
extremity  of  which  is  fixed  a  weight.  This  weight 
is  so  contrived  as  to  exert  a  force  capable  of  being 
overcome  before  the  elasticity  of  the  steam  be  great 
enough  to  burst  the  vessel.  Suppose  the  surface 
of  the  safety  valve  to  be  a  square  inch.  If  the  weight 
exert  an  action  equivalent  to  15  Ibs.  the  elasticity 
of  the  steam  must  be  double  that  of  the  atmosphere, 
or  its  temperature  must  be  250°  before  it  forces 
open  the  safety  valve. 

6.  When  the  steam  of  boiling  water  comes  in  con- 
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Sect.  I. 


tact  with  any  part  of  the  living  body,  it  occasions 
instantly  a  most  severe  scald  ;  but  when  steam  from  why  high 

n  pressure 

water  or  a  burner  temperature  than  boiling  water  steam  does 

not  scald. 

or  high  pressure  steam,  as  it  is  called,  issues  into 
the  atmosphere,  the  finger  or  any  part  of  the  body 
may  be  passed  through  it  with  impunity.  It  has 
not  the  property  of  scalding.  And  if  a  thermo- 
meter be  put  into  it,  we  find  the  temperature  greatly 
below  that  of  boiling  water.  So  that  high  pressure 
steam  has  a  much  lower  temperature  than  low  pres- 
sure steam,  or  steam  issuing  freely  from  boiling 
water. 

Whoever  has  an  opportunity  of  seeing  these  two 
different  species  of  steam,  will  find  no  difficulty  in 
understanding  the  reason  of  this  difference.  When 
steam  issues  from  the  spout  of  a  boiling  tea-kettle, 
it  is  at  first  invisible,  and  it  is  not  till  it  has  ad- 
vanced some  distance  in  the  air,  that  it  begins  to 
assume  the  appearance  of  a  visible  cloud.  But 
condensed  steam  is  visible  the  instant  that  it  issues 
from  the  mouth  of  the  pipe.  The  high  pressure 
steam  (supposing  its  elasticity  double)  occupies 
only  half  the  bulk  of  common  steam.  The  moment 
it  comes  into  the  atmosphere  its  volume  is  doubled. 
This  occasions  a  prodigious  increase  in  its  capacity 
for  heat,  and  at  the  same  time  mixes  it  with  the 
cold  atmospheric  air.  These  two  circumstances 
sink  its  temperature  so  low,  that  it  is  no  longer 
capable  of  scalding.* 

*  It  is  obvious  that  when  high  pressure  steam  is  conveyed  in 
pipes,  it  will  undergo  an  expansion  or  condensation  in  proportion 
as  the  diameter  of  the  pipe  increases  or  diminishes.  Accordingly 
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chap.  in.  When  the  pressure  of  the  atmosphere  is  with- 
drawn,  the  temperature  at  which  liquids  boil  be- 
comes  much  lower.  From  the  experiments  of  the 
late  Dr.  John  Robison  of  Edinburgh,  it  appears 
that  by  removing  the  pressure  of  the  atmosphere, 
the  boiling  point  of  liquids  is  lowered  about  145°. 
Hence,  in  a  good  vacuum  sulphuric  ether  will  boil 
at  the  temperature  of  — 49°,  alcohol  will  boil  at 
28°,  water  at  67°,  and  sulphuric  acid  at  460°.  Mr. 
Barry  of  London,  has  applied  his  knowledge  of  this 
fact  to  the  preparation  of  volatile  oils,  and  the 
various  inspissated  juices  of  plants  used  in  medicine. 
The  still  is  connected  with  a  globular  copper  re- 
ceiver of  large  size,  which  is  filled  with  steam  to 
the  exclusion  of  the  atmospheric  air.  This  steam 
being  condensed  and  the  communication  between 
the  still  and  receiver  being  opened,  the  air  in  the 
still  divides  itself  equally  over  the  still  and  receiver. 
The  receiver  being  5  times  the  size  of  the  still,  it  is 
obvious  that  by  this  first  condensation  of  steam,  the 
density  of  the  air  within  the  apparatus  is  reduced 
to  i.  Another  repetition  of  the  same  process  will 
reduce  the  density  of  the  air  within  the  apparatus 
to  2-y»  and  a  third  to  y^.  And  it  is  obvious,  that 
by  continuing  the  repetitions  long  enough,  any 
degree  of  exhaustion  whatever  might  be  obtained. 
I  have  seen  water  boiling  briskly  in  Mr.  Barry's 
apparatus  at  the  temperature  of  98°. 

its  temperature  will  be  found  to  vary  according  to  the  diameter  of 
the  pipe.  Upon  this  subject,  the  reader  may  consult  a  very  cu- 
rious set  of  experiments  by  Peter  Ewart,  Esq.  in  the  Philosophical 
Magazine  (new  series),  vol.  v.  p.  247. 


VAPOURS. 

This  method  of  boiling  in  vacuo    was  applied    sect.  i. 
very  ingeniously  by  Mr.  Edward  Howard,  to  the  Refining 
refining  of  sugar.     The  syrup  is  thus  concentrated 8Ugar* 
to  the  granulating  point  without  any  risk  of  burn- 
ing or  decomposing  any  of  the  sugar  by  too  much 
heat.     This  process  is  now  very  generally  followed 
by  the  sugar  refiners  of  Great  Britain.     The  sugar 
refined  in  this  way  is  beautifully  white,  and  the  loss 
sustained  during  the  process  is  greatly  diminished. 

As  steam  possesses  the  elasticity  of  air,  and  as  it 
may  be  immediately  condensed  by  the  application 
of  cold,  it  is  obvious  that  it  may  be  immediately 
applied  as  a  moving  force,  and  that  it  possesses  in 
this  way  almost  unlimited  power.  The  medium  in 
which  it  is  so  applied,  is  familiarly  known  by  the 
name  of  steam  engine,  and  constitutes  the  finest  s 
present  ever  made  by  science  to  the  arts.  It  is 
admitted  to  have  been  invented  by  the  Marquis  of 
Worcester ;  though  it  does  not  appear  that  he  was 
ever  able  to  interest  the  public  in  his  invention,  or 
that  he  attempted  to  apply  it  to  any  useful  purpose. 

It  was  reinvented  by  Captain  Savery,  who  took 
out  a  patent  towards  the  end  of  the  17th  century, 
and  published  an  account  of  it  in  the  year  1696,  in 
a  book  entitled  the  Miner's  Friend.  In  Savery's 
machine,  the  elasticity  of  steam  was  applied  directly 
to  force  water  up  a  pipe.  The  waste  of  steam  was 
so  enormous,  and  the  quantity  of  fuel  necessary  so 
great,  that  it  does  not  appear  ever  to  have  been 
attempted  to  apply  it  directly  for  the  purpose  of 
draining  water  out  of  mines,  which  was  the  object 
that  Savery  had  in  view  when  he  took  out  his  patent. 
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Chap.  in.  jn  iy()59  a  new  patent  was  taken  out  jointly  by 
Captain  Savery,  Mr.  Newcomen,  a  blacksmith  at 
Dartmouth  in  Devonshire,  and  Mr.  Crawley,  a 
glazier,  in  the  same  place.  The  merit  of  the  ma- 
chine has  been  universally  ascribed  to  Newcomen, 
under  whose  name  it  always  went.  It  consisted 
essentially  of  a  metallic  cylinder,  in  which  a  piston, 
made  air  tight,  was  capable  of  moving  from  the  top 
to  the  bottom.  The  top  of  the  cylinder  was  open, 
the  bottom  close.  The  piston  was  attached  to  the 
piston  rod  or  chain,  which  connected  it  with  the 
end  of  the  working  beam.  The  working  beam  was 
supported  on  a  gudgeon,  and  the  end  opposite  to  that 
to  which  the  piston  rod  was  attached  was  loaded, 
and  of  course  the  pump  rod  attached  to  it,  was 
at  the  bottom  of  the  well  from  which  the  water  was 
to  be  pumped.  The  cylinder  is  filled  with  steam, 
till  all  the  air  is  driven  out.  The  piston  was  at 
the  top  of  the  cylinder.  The  steam  in  the  cylinder 
is  condensed  by  means  of  a  jet  of  cold  water.  A 
vacuum  is  produced  in  the  cylinder.  The  atmo- 
sphere presses  upon  the  top  of  the  piston,  and  forces 
it  to  the  bottom  of  the  cylinder.  The  pump  rod 
at  the  other  end  of  the  working  beam  is  drawn  up. 
It  makes  a  stroke,  and  a  quantity  of  water  is  pumped 
out  of  the  well  or  mine.  Steam  is  again  introduced 
below  the  piston  in  the  cylinder,  the  vacuum  is 
removed  and  the  piston  rises  to  the  top  in  conse- 
quence of  the  load  at  the  other  extremity  of  the 
working  beam.  The  cylinder  is  filled  with  steam 
as  before  ;  this  steam  is  condensed,  the  piston  is 
forced  down,  more  water  is  pumped  up,  and  thus 
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the  machine  continues  to  act  as  long  as  it  is  sup-    sect.  i. 
plied  with  steam. 

The  great  improvement  in  the  steam  engine  was 
made  by   Mr.  Watt,     He  contrived  to  condense 
the  steam  in  a  separate  pipe,  and  by  this  means 
prevented  the  cylinder  from  being  cooled  by  the 
injection  of  cold  water.     This  produced  an  enor- 
mous   saving   of  fuel.     He  substituted  steam  for 
the  pressure   of  the  atmosphere  in   Newcomen's 
engine,  and  made  the  machine  to  act  both  when  the 
piston  descended  and  ascended   in   the  cylinder. 
This  alteration,  together  with  the  mode  of  producing 
a  circular  motion,  which  he  contrived,  enabled  him 
to  apply  the  steam  engine  as  a  power  for  moving 
machinery.     It  is  now  used  in  Great  Britain  to  a 
prodigious  extent,  and  has  carried  the  manufactures 
of  the  country  to  a  pitch  which   it  was  impossible 
to  have  anticipated.     It  has  of  late  been  applied  to 
move  vessels  in  the  water,  independent  of  wind  or 
tide,  and  even  against  those  powers  on  which  for- 
merly  the   motions   of   ships    entirely   depended. 
Thus  it  is  likely  to  introduce  as  great  an  alteration 
by  sea  as  it  has  done  by  land.     But  it  is  not  our 
province  to  enter  upon  any  description  of  this  won- 
derful machine.     Abundance  of  descriptions  of  it 
have  been  laid  before  the  public,  to  which  we  beg 
leave  to  refer  the  reader. 

7.  Water  is  converted  into  vapour  at  all  tempe-  Elasticity 

A  of  vapour 

ratures,  even  at  32°  or  lower.     But  the  elasticity  at  below  212. 
low  temperatures  is  low,   and  it  increases  as  the 
temperature  increases,  till  at  212°  it  is  equal  to  that 
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chap.  in.  of  the  atmosphere  or  capable  of  supporting  a  column 
of  mercury  30  inches  in  height. 

As  steam  is  employed  in  the  steam  engine  as  a 
moving  force,  it  becomes  a  question  of  considerable 
importance  to  determine  its  elasticity  at  different 
temperatures,  because  the  knowledge  of  this  will 
put  it  in  the  power  of  engineers  to  determine  the 
temperature  at  which  it  may  be  most  economically 
employed,  and  the  strength  of  the  vessels  which 
will  be  necessary  when  steam  is  used  at  elevated 
temperatures.  The  first  set  of  experiments  on  this 
subject,  approaching  to  accuracy,  was  made  by 
Professor  John  Robison,  of  Edinburgh,  and  inserted 
by  him  in  the  article  Steam,  in  the  third  edition  of 
the  Encyclopaedia  Britannica,  published  about  the 
year  1797-  Mr.  Dalton  published  a  still  more 
accurate  set  of  experiments  in  1802.* 

He  determined  the  elasticity  of  steam  from  32° 
to  212°  by  experiment ;  but  the  elasticities  below 
32°  and  above  212°  were  inferred  from  observing  the 
rate  at  which  the  elasticities  determined  by  experi- 
ment increased.  Unfortunately  the  application  of 
empirical  formulae  never  gives  results  which  can  be 
depended  on,  unless  they  be  confined  within  the 
limits  of  the  experiments.  Dr.  Ure,  of  Glasgow, 
made  an  elaborate  set  of  experiments  on  the  same 
subject  in  1816,  the  result  of  which  is  published  in 
the  Philosophical  Transactions  for  1818.t  Mr. 
Southern  had  made  a  set  of  experiments  on  the 

*  Manchester  Memoirs,  v.  559.  f  Page  338. 
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same  subject  in  1803,  and  carried  them  to  consider- 
ably higher  temperatures  than  Dr.  Ure  had  it  in  his 
power  to  do.  These  experiments  have  been  given 
to  the  public  by  Mr.  Watt.*  They  seem  to  have 
been  made  with  great  care,  and  are  therefore  of 
considerable  importance. 

The  results  of  all  these  experimenters  may  be 
seen  in  the  following  table. 


Sect.  I. 


I.  —  Elasticity  of  Vapour  below  32°  according  to  Dalton. 

Table  of  the 
elasticity  of 
steam  at 
different 
tempera- 
tures. 

I 

h 

) 

d 

H 

Force  of  vap. 
in  inches  of 
mercury. 

! 

Force  of  vap. 
in  inches  of 
mercury. 

-400 
-30 
-20 
-10 
0 
1 
2 
3 
4 

0-013 
0-020 
0-030 
0-043 
0-064 
0-066 
0-068 
0-071 
0-074 

5° 
6 
7 
8 
9 
10 
11 
12 
13 

0-076 
0-079 
0-082 
0-085 
0-087 
0-090 
0-093 
0-096 
0-100 

15 
16 
17 
18 
19 
20 
21 
22 

0-104 
0-108 
0-112 
0-116 
0-120 
0-124 
0.129 
0-134 
0-139 

23° 
24 
25 
26 
27 
28 
29 
30 
31 

0-144 
0-150 
0-156 
0-162 
0-168 
0-174 
0-180 
0-186 
0-193 

Force  of  vapour  in  inches  of  mercury. 

Force  of  vapour  in  inches  of  mercury. 

Robi- 

South. 

Robi- 

South- 

Temp. 

son. 

Dalton. 

Ure. 

ern. 

Temp. 

son. 

Dalton. 

Ure. 

ern. 

32° 

0-0 

0-200 

0-200 

0-16 

46° 

0-328 

33 

0-207 

47 

0-339 

34 

0-214 

48 

0-351 

35 

0-221 

49 

0-363 

36 

0-229 

50 

0-2 

0-375 

0-360 

37 

0-237 

51 

0-388 

38 

0-245 

52 

0-401 

0-35 

39 

0-254 

53 

0-415 

40 

0-1 

0-263 

0-250 

54 

0-429 

41 

0-273 

55 

0-443 

0-416 

42 

0-283 

0-23 

56 

0-458 

43 

0-294 

57 

0-474 

44 

0-305 

58 

0-490 

45 

0-316 

59 

0-507 

*  They  constitute  an  Appendix  to  Mr  Watt's  edition  of  Pro- 
fessor Robieon's  articles  Steam  and  Steam  Engines. 
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TABLE  continued. 


Temp. 

Force  of  vap.  in  inches  of  mercury. 

Temp. 

Force  of  vap.  in  inches  of  mercury. 

Robi- 
son. 

Da'ton. 

Ure. 

South, 
ern. 

Robi- 
son. 

Dalton. 

Ure. 

South, 
ern. 

60° 

0-35 

0-524 

0-516 

115° 

2-92 

2-810 

61 

0542 

116 

3-00 

62 

0-560 

0-52 

117 

3-08 

63 

0-578 

118 

3-16 

64 

0-597 

119 

3'25 

65 

0-616 

0-630 

120 

3-0 

3-33 

3-300 

66 

0-635 

121 

3-42 

67 

0-655 

122 

3-50 

3'58 

68 

0-676 

123 

3-69 

69 

0-698 

124 

369 

70 

0-55 

0-721 

0-726 

125 

3-79 

3-830 

71 

0-745 

126 

3-89 

72 

0-770 

0-73 

127 

4-00 

73 

0-796 

128 

4-11 

74 

0-823 

129 

4-22 

75 

0.851 

0-860 

130 

3-95 

4-34 

4-366 

76 

0-880 

131 

4-47 

77 

0-910 

132 

4-60 

4-71 

78 

0-940 

133 

4-73 

79 

0-971 

134 

4-86 

80 

0-82 

1-00 

1-010 

135 

5-00 

5-070 

• 

81 

1-04 

126 

5-14 

82 

1-07 

1-02 

137 

5-29 

83 

1-10 

138 

5-44 

84 

1-14 

139 

5-59 

85 

1-17 

1-170 

140 

5-15 

5-74 

5-770 

86 

1-21 

141 

5-90 

87 

1-24 

142 

6-05 

6-10 

88 

1-28 

143 

621 

89 

•32 

144 

6-37 

90 

1*18 

•36 

1-360 

145 

6-53 

6-600 

91 

•40 

146 

6-70 

92 

•44 

1-42 

147 

6-87 

93 

•48 

148 

7-05 

94 

•53 

149 

7-23 

95 

•58 

1-640 

150 

6-72 

7-42 

7-530 

96 

•63 

151 

7-61 

97 

•68 

152 

7-81 

7-90 

98 

•74 

153 

8-01 

99 

•80 

154 

8-20 

100 

1-6 

•86 

1-860 

155 

8-40 

8-500 

101 

•92 

156 

8-60 

102 

•98 

1-96 

157 

8-81 

103 

2-04 

158 

9-02 

104 

2-11 

159 

9-24 

105 

2-18 

2-100 

160 

8-65 

9-46 

9-600 

1106 

2-25 

161 

9-68 

1107 

2-32 

162 

9-91 

10-05 

108 

2-39 

163 

10-15 

109 

2-46 

164 

10-41 

110       2-25 

2-53 

2-456 

165 

10-68 

10-800 

111 

2-60 

166 

10-96 

112 

268 

2-66 

167 

11-25 

113 

2-76 

168 

11-54 

114 

2-84 

169 

11-83 
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TABLE  continued. 


Temp. 

Force  of  vap.in  Inches  of  mercury 

Temp. 

Force  of  vap.  in  inches  of  mercury. 

Robi- 

son. 

Dal  ton. 

Ure. 

South, 
era. 

KobU 
son. 

Dalton.     Ure. 

South, 
era. 

Prony 
&c.« 

1  7  Jo 

11-05   12-13;  12-05D 

224° 

37.53 

171 

12-43, 

2->5 

3820 

39.110 

172 

1273 

12-72 

226 

38.89 

173 

13-02 

226.3 

40-100 

174 

13-32 

227 

39.59 

175 

13-62 

13-550 

228 

40.30 

176 

13-92 

229 

41.02 

177 

14-22 

230 

44.5 

41.75 

43-100 

178 

14-52 

230.5 

43-500 

179 

14-83 

231 

42.49 

180 

14-05 

15-15 

15-160 

232 

43.24 

181 

15-50 

233 

44.00 

45 

182 

15-86 

16-01 

234 

44.78 

183 

16.23 

234.5 

46.800 

184 

16.61 

235 

45-58 

47.220 

185 

17.00 

16-900 

236 

4639 

186 

17.40 

237 

47-20 

187 

17.80 

238 

48-02 

188 

18.20 

238.5 

50-30 

189 

18.60 

239 

48-84 

190 

17.85 

19.00 

19-000 

240 

54.9 

49-67 

51.70 

191 

19.42 

242 

53-60 

192 

19.86 

20-04 

245 

53-88 

56-34 

193 

2032 

248.5 

60-40 

194 

20.77 

250 

66.8 

5821 

61  90 

60-00 

195 

21.22 

21-100 

251.6 

60 

196 

21.68 

255 

62-85 

67-25 

197 

22.13 

260 

80.3 

67-73 

72-30 

193 

22.69 

264.2 

75 

199 

23.  16 

265 

72-76 

78-04 

200 

22.62 

23.64 

23-600 

270 

94.1 

77-85  86-30 

201 

24.12 

275 

83-13  93-48 

90 

202 

24.61 

24.61 

280 

105.9 

88-75,101-90 

203 

25.10 

285 

94-35 

204 

25.61 

285.2 

112-20 

105 

205 

26.13 

25-900 

290 

100.12 

120  15 

206 

26.66 

293.4 

120-00 

120 

207 

27.20 

295 

105-97 

129-00 

208 

27.74 

300 

111-81 

13970 

209 

28.29 

302 

135 

210 

28.65 

28.84 

28-880 

305 

117-68 

150-56 

211 

29.41 

309.2 

150 

212 

3D.  00 

30-000   30.00 

310 

123-53 

161-30 

213 

30.60 

312 

166.25 

214 

31.21 

316.4 

165 

215 

31.83 

320 

135-00 

216 

32.46 

322.7 

180 

216.6 

33-40 

328.46 

195 

217 

33.09 

330 

218 

33.72 

334.4 

210 

219 

34.35 

339.26 

225 

220 

35.8 

34.99  35-540 

340 

221 

35.63 

343.4 

240 

221.6 

36-700 

343.6 

240-00 

222 

36.25 

419 

050f 

223 

36<88; 

217 

Sect.  I. 


*  Ann  des  Mines,  x.  73.    The  numbers  in  this  column  seem  to  have  been  obtained  by  cal- 
culation, t  Perkins. 
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chap.  in.  We  see  that  the  elasticity  increases  at  a  very  rapid 
~  rate  with  the  temperature.  Attempts  have  been 
made  to  represent  this  increase  by  empirical  for- 
mulas, so  as  to  enable  us  to  calculate  the  elasticity 
of  steam  for  any  given  temperature.  But  such 
formulas,  from  the  imperfection  of  the  data  on  which 
they  are  founded,  cannot  be  accurate,  and  indeed 
do  not  apply  to  higher  temperatures  than  those 
deduced  from  experiment.  They  are  therefore  of 
little  use ;  and  indeed  are  very  apt  to  mislead.  I 
think  it  better  therefore  to  omit  them. 

8.  Water  is  not  the  only  liquid  whose  vapour  has 
been  examined  with  care.    There  are  seven  others 
whose  boiling  points,  and  the  specific  gravity  of 
whose  vapours,  have  been  determined  almost  en- 
tirely by  the  sagacity  and  industry  of  M.  Gay-Lus- 
Vapours     sac.      The   following   table   exhibits    the    boiling 
liquids.      points  and  specific  gravities  of  the  vapours  of  these 
various  liquids. 

Sp.  gravity,  air  being  1.  Boiling  point. 

Water          .         .         0-6235*  .  .  212° 

0-6250f 

Hydrocyanic  vapour     0-9476*  «    •     .  79*7 

Alcohol        .         .          1-6030*  .  .  173 

Muriatic  ether      .         2-219$  .  .  52 

Sulphuric  ether     .         2-586*  .s  .  96 

2-5808f 

Bisulphuret  of  carbon    2-6447*  ;  .  116 

2-6386f 

Oil  of  turpentine  .         5-013*  .  .  314 

Hydriodic  ether     .         5-4749*  .  .  148 

*  Gay-Lussac,  Ann.  de  Chim.  xci.  95,  150. — Ann.  de  Chim.  et 
de  Phys.  i.  218. 

t  Despretz,  Ann.  de  Chim.  et  de  Phys.  xxi.  143. 
$  Thenard,  Mem.  D'Arcueil,  i,  121. 
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9.  These  specific  gravities  are  compared  to  that  s**- 1. 
of  air,  which  is  considered  as  1,  when  heated  to  the 
boiling  point  of  each  liquid.  They  do  not  there- 
fore enable  us  to  form  a  correct  idea  of  the  increase 
of  volume,  which  takes  place  when  each  liquid  is 
converted  into  vapour.  I  have  therefore  calculated 
the  following  table,  exhibiting  the  specific  gravity 
of  the  vapour  of  each  at  the  boiling  point,  if  we 
reckon  the  specific  gravity  of  air  at  60°  to  be  unity. 

Sp.  gravity  at  boiling 
point,  air  at  60°  being  1. 

Steam         .         .         .         .         .  0-481 

Hydrocyanic  vapour  .         .         .  0*912 

Alcohol      .         .         .         .         .  1-311 

Muriatic  ether    ....  2-255 

Sulphuric  ether  ....  2-415 

Bisulphuret  of  carbon           .         .  2-376 

Oil  of  turpentine         .         .         .  3-342 

Hydriodic  ether           .         .         .  4-666 

The  specific  gravity  of  these  liquids,  from  which 
these  vapours  are  produced,  is  at  the  temperature 
of  60°  as  follows. 

Sp.  gravity.  True  speci- 

Water 1-000  fie  gravity 

Hydrocianic  acid      '  :.         .       ..         0*7039 
Alcohol  ",'!7     '  V  l      .         r      ,'  .'^v      0-798 
Muriatic  ether    .         V        ,r        .•' i      0*874* 
Sulphuric  ether  .         .t      '  .        >         0-632 
Bisulphuret  of  carbon          .         .         1-272 
Oil  of  turpentine         .         .         .         0-792 
Hydriodic  ether  .         .         .         1-92067 

By  a  very  careful  set  of  experiments  made  by 
MM.  Biot  and  Arago,  it  has  been  ascertained  that 

*  At  41°.  t  At  72°. 
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ChaP-  m-  at  the  temperature  of  32°,  and  under  a  pressure  of 
0*76  metre,  100  cubic  inches  of  atmospherical  air 
weigh  3<2'8755  grains.  Hence  at  the  temperature 
of  60°,  and  when  the  barometer  stands  at  30  inches, 
100  cubic  inches  of  air  will  weigh  31-1446  grains. 
From  these  data  it  is  easy  to  calculate  the  increase 
of  bulk  which  each  of  these  liquids  undergoes 
when  converted  into  vapour,  at  the  boiling  point 
of  each  liquid. 


Expansion 
of  liquids 
when  con- 
verted into 
vapour. 


Increase  of  volume 
when  converted 
into  vapour. 

1689 

Increase  of  volume 
that  of  turpentine 
vapour  being  1. 

.'"      8-79 

625-7 

3-25 

493-5 

.         2-57 

314-15 

-;-      1-6 

212-18 

'•'.  :;i      1-1 

434-06 

>'[•£      2-26 

192-15 

IJS     1 

333-74 

1-7* 

Water 

Hydrocyanic  acid 
Alcohol 
Muriatic  ether 
Sulphuric  ether 
Bisulphuret  of  carbon 
Oil  of  turpentine 
Hydriodic  ether 

It  is  obvious  from  this  table  that  when  water  is 
converted  into  steam,  it  undergoes  a  much  greater 

*  Cagnard  de  la  Tour,  made  a  curious  set  of  experiments 
which  ^deserve  to  be  noticed.  He  enclosed  ether,  alcohol,  and 
water  in  small  glass  tubes,  which  were  never  more  than  half  filled. 
He  sealed  the  tubes  hermetically  without  expelling  the  air  from 
the  empty  portion.  He  then  exposed  the  tubes  to  heat  till  the 
liquids  assumed  the  gaseous  form. 

Ether  became  gaseous  in  a  space  scarcely  double  its  volume  at 
the  temperature  of  320°.  Pressure  38  atmospheres.  Alcohol  became 
gaseous  in  a  space  about  thrice  its  volume  at  the  temperature  of 
404°^.  Pressure  about  129  atmospheres.  Water  broke  the  glass 
tube,  because  it  began  to  dissolve  it.  When  this  was  prevented 
by  adding  a  little  carbonate  of  soda,  the  water  became  gaseous  in 
a  space  four  times  its  volume  at  the  temperature  at  which  zinc 
melts,  or  about  648°. 
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expansion  than  any  other  liquid  hitherto  examined.  Sect.  i. 
It  expands  8  times  as  much  as  sulphuric  ether, 
and  almost  3^  times  as  much  as  alcohol.  This 
explains  a  phenomenon,  which  may  at  first  sight 
appear  paradoxical,  why  the  vapours  of  alcohol 
and  ether  are  heavier  than  those  of  water,  though 
the  liquids  themselves  which  produce  these  vapours 
are  lighter  than  water. 

10.  It  is  obvious  that  the  specific  gravity  of  the 
vapour  of  water  is  proportional  to  its  elasticity. 
Consequently,  if  we  know  this  specific  gravity  at 
any  one  temperature,  we  may  from  our  knowledge 
of  the  elasticity  determine  the  specific  gravity  at 
any  other.  The  following  table  exhibits  the  spe- 
cific gravity  of  vapour  at  various  temperatures. 
And  it  will  be  easy  for  any  person  by  having  re- 
course to  the  table  of  elasticities  given  in  page 
215  of  this  volume,  to  determine  the  specific  gra- 
vity of  vapour  at  any  temperature  that  he  pleases. 

Temperature.  Specific  gravity.  Weight  of  100  cubic        Specific 

inches  in  grains.         gravity  of 

32°     .  0-004166  .  0-12974825    vapour  of 

36      .  0-0048828125  .  0-15206406 

56      .  0-009765628  .  0-304128125 

78  j'^7  0-01953125  ••.;!  0-60825625 

100  i$£gj  0-0390625  '.  1-2165125 

125      .  .;  0-078125  .  2-433125 

150  *  ."  0-15625  .  4-86625 

180      .  0  3125  .  9-7325 

212      .  0-625  .  19.465 

250      .1-25  .  39-93 

293-4     .  2-5  .  79-86 

343-4    .  5-  .  159-72 

419-  21-875  681-3 
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chap.  in.  From  this  table  we  see  that  at  the  temperature 
of  419°,  water  when  converted  into  steam  expands 
only  37  times.  When  such  steam  comes  into  the 
atmosphere  it  would  expand  35  times.  This 
would  prodigiously  increase  its  specific  heat,  and 
of  course  diminish  its  temperature.  It  is  probable 
that  at  a  temperature  not  much  higher  than  500°, 
the  steam  of  water  would  not  much  exceed  double 
the  bulk  of  the  water  from  which  it  was  generated. 
The  expansive  force  of  such  steam  would  be  truly 
formidable.  It  would  when  it  issued  into  the 
atmosphere  suddenly  expand  almost  650  times. 
We  do  not  know  at  what  temperature  water  would 
become  vapour  without  any  increase  of  volume. 
It  would  then  support  a  column  of  mercury  3243 
feet  in  height,  and  exert  a  force  of  19,459  Ibs. 
upon  every  square  inch  of  the  vessel  containing  it. 
No  doubt  the  vapours  of  other  liquids  increase 
in  their  elasticity  with  the  temperature  as  well 
as  the  vapour  of  water,  though  we  are  not  yet  in 
possession  of  sufficiently  accurate  experiments  on 
the  subject.  The  conjecture  of  Dalton  that  all 
vapours  increase  in  elasticity  equally  by  equal 
increments  of  heat,  reckoning  from  the  boiling 
points  of  each,  has  been  found  by  subsequent  inves- 
tigation not  to  hold  good.  It  has  accordingly 
been  abandoned  by  Mr.  Dalton  himself. 

Theory  of       n.  Such  are  the  phenomena  of  the  conversion  of 

Rtpam.  -I 

liquids  into  elastic  fluids.  Dr.  Black  applied  his 
theory  of  latent  heat  to  this  conversion  with  great 
sagacity,  and  demonstrated  that  it  is  owing  to  the 
very  same  cause  as  the  conversion  of  solids  into 


steam. 
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liquids  ;  namely,  to  the  combination  of  a  certain 
dose  of  caloric  with  the  liquid  without  any  increase 
of  temperature.  The  truth  of  this  very  important 
point  was  established  by  the  following  experiments. 

First,  When  a  vessel  of  water  is  put  upon  the 
fire,  the  water  gradually  becomes  hotter  till  it 
reaches  212° ;  afterwards  its  temperature  is  not 
increased.  Now  heat  must  be  constantly  entering 
from  the  fire  and  combining  with  the  water.  But 
as  the  water  does  not  become  hotter,  the  heat 
must  combine  with  that  part  of  it  which  flies  off' in 
the  form  of  steam :  but  the  temperature  of  the 
steam  is  only  212° :  therefore  this  additional  heat 
does  not  increase  its  temperature.  We  must  con- 
clude, then,  that  the  change  of  water  to  steam  is 
owing  to  the  combination  of  this  heat ;  for  it  pro- 
duces no  other  change. 

Dr.  Black  put  some  water  in  a  tin-plate  vessel 
upon  a  red  hot  iron.  The  water  was  of  the  tem- 
perature 50° :  in  four  minutes  it  began  to  boil, 
and  in  20  minutes  it  was  all  boiled  off.  During 
the  first  four  minutes  it  had  received  162°,  or  40£° 
per  minute.  If  we  suppose  that  it  received  as 
much  per  minute  during  the  whole  process  of 
boiling,  the  caloric  which  entered  into  the  water 
and  converted  it  into  steam  would  amount  to  40£ 
x 20=810°.*  This  heat  is  not  indicated  by  the 
thermometer,  for  the  temperature  of  steam  is  only 
212° ;  therefore  Dr.  Black  called  it  latent  heat. 

Second,  Water  may  be  heated  in  a  Papin's  diges- 

*  Black's  Lectures,  i.  157. 
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chap.  in.  ter  to  400°  without  boiling  :  because  the  steam  is 
forcibly  compressed,  and  prevented  from  making 
its  escape.  If  the  mouth  of  the  vessel  be  suddenly 
opened  while  things  are  in  this  state,  part  of  the 
water  rushes  out  in  the  form  of  steam,  but  the 
greater  part  still  remains  in  the  form  of  water,  and 
its  temperature  instantly  sinks  to  212°  ;  conse- 
quently 188°  of  heat  have  suddenly  disappeared. 
This  heat  must  have  been  carried  off  by  the  steam. 
Now  as  only  about  J,th  of  the  water  is  converted 
into  steam,  that  steam  must  contain  not  only  its 
own  188°,  but  also  the  188°  lost  by  each  of  the 
other  four  parts  ;  that  is  to  say,  it  must  contain 
188°  x  5,  or  about  940°.  Steam  therefore,  is  water 
combined  with  at  least  940°  of  heat,  the  presence 
of  which  is  not  indicated  by  the  thermometer. 
This  experiment  was  first  made  by  Dr.  Black,  and 
afterwards,  with  more  precision,  by  Mr.  Watt. 

Third,  When  hot  liquids  are  put  under  the  re- 
ceiver of  an  air-pump,  and  the  air  is  suddenly 
drawn  off,  the  liquids  boil,  and  their  temperature 
sinks  with  great  rapidity  a  considerable  number  of 
degrees.  Thus  water,  however  hot  at  first,  is  very 
soon  reduced  to  the  temperature  of  70°  ;  and 
ether  becomes  suddenly  so  cold  that  it  freezes 
water  placed  round  the  vessel  which  contains  it. 
In  these  cases  the  vapour  undoubtedly  carries  off 
the  heat  of  the  liquid  ;  but  the  temperature  of  the 
vapour  is  never  greater  than  that  of  the  liquid 
itself:  the  heat  therefore  must  combine  with  the 
vapour,  and  become  latent. 

Fourth,  If  one  part  of  steam  at  212°  be  mixed 
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with  nine  parts  by  weight  of  water  at  62°,  the  s«ct 
steam  instantly  assumes  the  form  of  water,  and 
the  temperature  after  mixture  is  178'G° ;  conse- 
quently each  of  the  nine  parts  of  water  has  received 
116'6°  of  caloric;  and  the  steam  has  lost  9x 
116*0=  1049*4°  of  caloric.  But  as  the  temperature 
of  the  steam  is  diminished  by  33*3°,  we  must  sub- 
tract this  sum.  There  will  remain  rather  more 
than  1000°,  which  is  the  quantity  of  heat  which 
existed  in  the  steam  without  increasing  its  tempera- 
ture. This  experiment  cannot  be  made  directly, 
but  it  may  be  made  by  passing  a  given  weight  of 
steam  through  a  metallic  worm,  surrounded  by  a 
given  weight  of  water.  The  heat  acquired  by  the 
water  indicates  the  heat  which  the  steam  gives  out 
during  its  condensation.  Mr.  Watt  was  the  first 
person  who  attempted  to  determine  accurately  the 
latent  heat  of  steams  with  precision.  His  experi- 
ments were  made  in  1781 ;  but  the  account  of 
them  has  been  only  published  very  recently  in  Mr. 
Watt's  edition  of  the  articles  Steam  and  Steam 
Engine,  by  Professor  Robison.*  The  result  of 
the  experiments  is,  that  the  latent  heat  of  steam  is 
950°.  This  agrees  nearly  with  the  determina- 
tion of  Mr.  Southern  in  1803.  He  found  it  in 
three  experiments  made  at  very  high  temperatures 
942°,  942°,  and  9<50°.t  The  experiments  of 
Lavoisier  make  it  rather  more  than  1000°.  Accord- 
ing to  Rumford  it  amounts  to  1040'8°.  Thus  we 
have  the  latent  heats  of  steam  as  follows  : 


*  Page  6.  t  Ibid.  p.  165. 
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Chap.  III.                        Watt  ....              950° 

Southern  .         .         .           945 

Lavoisier  .         .         .  1000 

Rumford  .         .         .  1040-8 

Despretz  .         .         .           955-8 

Mean          ....  978-3 

This  number  978° '3  cannot  deviate  very  far  from 
the  truth.  We  cannot  err  much  then,  if  we  adopt 
for  the  latent  heat  of  steam,  1000°,  which  was  the 
number  established  by  the  experiments  of  Lavoisier. 
I  am  satisfied  from  some  trials  which  I  some  time 
ago  made,  that  the  true  number  is  not  under  1000° 
if  it  does  not  exceed  it. 
Latent  heat  j^  jt  nas  ^een  aiready  observed,  that  in  a  vacuum, 

•/ 

^e  Boiling  point  of  liquids  is  lowered  by  about  145°. 
It  occurred  to  Dr.  Black  many  years  ago,  that  by 
distilling  ardent  spirits  in  vacuo,  a  great  saving  of 
fuel  would  probably  result.  The  project  was  first 
attempted  to  be  realized  by  Mr.  Watt.  He  half 
filled  a  small  still  with  water,  and  then  closely 
united  it  with  the  receiver.  The  receiver  had  a 
small  hole  in  its  bottom,  which  had  a  plug  fitted  to 
it.  The  water  in  the  still  was  made  to  boil  violently 
till  all  the  air  within  the  apparatus  was  forced  by 
the  steam  out  at  this  hole.  While  the  steam  was 
blowing  violently  out  at  the  hole,  it  was  suddenly 
stopped  by  the  plug,  and  the  bottom  of  the  still 
was  set  on  ice.  This  soon  cooled  the  contents,  and 
the  steam  within  the  apparatus  was  condensed  into 
water.  A  lamp  was  now  set  under  the  still,  and 
in  a  few  minutes,  the  whole  apparatus  grew  warm — 
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a  proof  that  steam  was  produced  from  the  water,  Sect.  i. 
and  that  it  was  passing  into  the  receiver.  Cold 
water  was  put  into  the  refrigeratory  and  the  dis- 
tillation went  on — slowly  indeed — but  very  well — 
and  the  ebullition  was  distinctly  heard  in  the  still, 
although  the  head  of  it  was  scarcely  sensibly  warm 
to  the  hand.  But  the  result  of  the  process  was, 
that  the  latent  heat  of  the  steam  was  greatly  in- 
creased by  the  diminution  of  its  sensible  heat.  The 
temperature  of  the ,  steam  in  the  experiment  was 
found  to  be  100°.  The  water  in  the  refrigeratory 
was  raised  by  the  condensation  of  this  steam  from 
57°  to  77°,  and  the  vessel  had  acquired  as  much 
heat  as  would  have  raised  the  water  1°.  Conse- 
quently, 21°  of  heat  had  been  acquired  from  the 
steam.  The  quantity  of  water  distilled  was  5*T  of 
that  in  the  refrigeratory.  Therefore,  21°  x  51  will 
give  the  heat  extricated  from  the  steam.  This 
amounts  to  1071.  From  this  we  must  subtract  the 
sensible  heat  lost  by  the  steam ;  for  it  was  cooled 
down  from  100°  to  77°,  so  that  it  lost  23°.  The 
remainder  1048°,  is  the  latent  heat  of  the  steam. 
The  latent  heat  of  steam  at  212°,  according  to  Mr. 
Watt's  experiments,  made  with  a  similar  apparatus, 
is  940.  Hence  it  follows,  that  the  latent  heat  of 
steam  of  100°  exceeds  that  of  212°  by  108°,  which 
is  very  nearly  the  difference  between  the  sensible 
heats  of  the  two  steams. 

Mr.  Watt  made  other  experiments  with  much 
more  care.  He  found  that  water  distils  perfectly 
well  at  70°,  and  that  in  this  state  the  latent  heat 
approaches  1300°,  and  certainly  exceeds  1200°, 
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chap.  in.  The  unexpected  result  of  these  experiments  is  that 

~  no  advantage  is  to  be  expected  in  the  manufacture 

of  ardent  spirits  by  distilling  in  vacuo.     For  the 

latent  heat  of  the  steam  is  as  much  increased  as  the 

sensible  heat  is  diminished. 

A  little  consideration  will  satisfy  us  that  this  fact 
might  have  been  anticipated,  had  Mr.  Watt,  when 
he  made  his  experiments,  been  aware  that  the 
volume  of  vapour  in  a  given  weight  increases  in 
proportion  as  its  sensible  heat  diminishes.  For  its 
specific  heat  must  increase  with  this  augmentation 
of  volume,  and  occasion  an  increase  of  heat  neces- 
sary to  maintain  its  temperature  just  proportional 
to  the  diminution  of  the  sensible  heat. 
ve"sda,vice  *n  ^  year  1813,  a  paper  was  published  by  Mr. 
Sharpe,  in  the  2d  volume  of  the  2d  series  of  the 
Manchester  Memoirs.  He  shows  in  this  paper ; 

1.  That  if  the  source  of  heat  be  the  same  or  invari- 
able water  heats  equably  or  in  the  same  time,  from 
120°,  up  to  the  highest  temperature  which  it  can 
reach  without  boiling.     Suppose  for  example,  that 
it   is  heated  from    120°  to   130°,   or  10°   in  three 
minutes  ;  then  it  will  be  heated  from  270°  to  280° 
in   exactly   the   same   time.     The   reason  of  this 
equality  probably  is,  that  the  difference  between  the 
temperature  of  the  fire  (the  source  of  heat  in  these 
experiments)  and  the  water  was  so  great,  that  the 
150°  or  200°  which  had  been  added  to  the  water, 
had  no  sensible  effect  in  diminishing  that  difference. 

2.  That  whatever  be  the  temperature  of  steam  from 
212°  upwards,  if  we  take  the  same  weight  of  it  and 
condense  it  by  water,  the  temperature  of  the  water 


VAPOURS. 

will  always  be  raised  the  same  number  of  degrees.   Sect- 1- 
Or  in  other  words,  the  absolute  quantity  of  heat  is  " 
always  the  same  in  the  same  weight  of  steam,  what- 
ever the  temperature  of  that  steam  is.     M.  Clement 
informed  me  several  years  ago,  that  he  had  estab- 
lished the  same  fact  by  a  set  of  experiments  of  his 
own.     And  I  have  seen  frequent  allusions  to  these 
experiments  of  Clement  in  the  French  Journals, 
though  I  am  not  aware  that  the  experiments  them- 
selves have  ever  been  published. 

From  these  experiments  of  Mr.  Sharpe,  confirmed 
as  they  have  been  by  those  of  Clement ;  it  follows 
that  the  latent  and  sensible  heats  of  steam  added 
together,  make  a  constant  quantity.  Or  in  other 
words,  that  the  latent  heat  diminishes  as  the  sensi- 
ble heat  increases,  and  vice  versa.  Thus  Mr.  Sharp 
has  proved  that  the  truth  which  Mr.  Watt  estab- 
lished under  the  boiling  point,  holds  also  above  the 
boiling  point — and  that  the  proposition  is  universally 
true. 

If  we  neglect  all  that  portion  of  sensible  heat  Latent  and 

•i  .    i      i.  ,  sensible 

which  lies  below  32°,  we  may  say  that  at  212°,  the  heats  aeon- 
sensible  heat  of  steam  is  180°,  while  its  latent  heattuy.tq 
is  1000°,  making  together  the  sum  of  1180°.    And 
this  sum  being  constant,  we  can  easily  determine 
what  the  latent  heat  of  steam  is  at  any  temperature. 
We  have  only  to  subtract  the  sensible  heat  from  the 
constant   quantity    1180°.      The    following   little 
table  exhibits  the  latent  heat  of  steam  at  different 
temperatures. 
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Chap.  III.                   Temp.  Latent  heat. 

32°  1180 

36  1176 

56  1156 

78  1134 

100  1112 

125  1087 


Temp.  Latent  heat, 

180°  1032 

212  1000 

250  962 

293-4  918-6 

343-4  868-6 

419  793 


150  1062 

It  is  obvious  from  this  table,  that  while  the  spe- 
cific gravity  or  elasticity  of  steam  increases  in  a 
geometrical  progression  with  a  ratio  of  2,  the  latent 
heats  diminish  in  a  geometrical  progression  whose 
ratio  does  not  very  much  surpass  unity,  being  pro- 
bably 1-0306.  We  might  therefore  calculate  the 
temperature  at  which  the  elasticity  of  steam  in- 
creases in  a  geometrical  progression  whose  ratio  is 
2,  or  carry  the  table  given  in  page  215  to  any 
length.  The  following  will  serve  as  a  specimen  of 
the  way  in  which  this  might  be  done. 

Elasticity  in  inches 
Temperature.  of  mercury. 

293-4°  .           ....  •            .  120 

343-4  r^;i       !•  •/:        H>  •'          240 

370-2  .          :V.           '•  \  480 

395-2  ...  960 

419-5  ,             .              .  1920 

It  is  obvious,  however,  that  the  elasticity  by  no 
means  increases  at  so  great  a  rate  as  we  have  sup- 
posed from  the  table  in  page  215.  I  think  there 
can  be  no  doubt  that  somewhere  about  350°,  the 
increase  of  elasticity  begins  to  follow  a  much 
smaller  rate.  For  the  elasticity  at  419°,  as  we  learn 
from  the  experiment  of  Perkins,  instead  of  1920,  is 
only  equal  to  1050  inches  of  mercury. 
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If  we  could  apply  such  a  pressure  to  water  that  &*<*•  L 
we  could  heat  it  till  its  sensible  heat  rose  to  1212°,  " 
it  is  obvious  that  it  would  be  converted  into  steam 
having  the  specific  gravity,  and  consequently  the 
volume  of  the  original  water.  The  latent  heat  of 
such  steam  would  be  0° ;  but  its  elasticity  would 
be  prodigious.  The  instant  that  the  pressure  upon 
it  was  removed  it  would  expand,  arid  its  latent  heat 
would  increase  at  the  expense  of  its  sensible  heat. 
It  is  obvious  from  this  that  the  existence  of  latent 
heat  in  steam  is  owing  to  its  expansion  and  the  con- 
sequence of  its  expansion,  and  that  the  moment  we 
reduce  it  to  the  bulk  of  the  water  from  which  it 
was  generated  all  the  latent  heat  becomes  sensible. 
We  may  conceive  that  water  has  a  strong  affinity 
for  heat,  that  an  atmosphere  of  it  accumulates  round 
every  integrant  particle  of  the  water,  and  by  its 
repellent  property  forces  the  aqueous  particles 
nearly  12  times  farther  from  each  other  than  when 
they  constituted  water. 

13.  Few  experiments  have  hitherto  been  made  Latent  heat 
to  determine  the  latent  heats  of  other  liquids.  A  liquids. 
few  have  been  determined  by  M.  Dupretz  and  by 
Dr.  Ure  by  the  method  employed  by  Mr.  Watt. 
Count  Rumford's  modification  of  the  process  con- 
stitutes a  great  improvement.  He  sunk  the  water 
in  the  refrigeratory  4°  lower  than  the  temperature 
of  the  room,  and  continued  the  distillation  of  the 
liquids  under  examination  till  the  temperature  of 
the  water  had  risen  4°  higher  than  that  of  the  room. 
During  the  first  part  of  the  process  the  water  of 
the  refrigeratory  was  imbibing  heat  from  the  room. 
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chap.  in.  During  the  last  part  of  the  process  it  was  giving 
out  heat  to  the  room,  and  these  two  opposite  cur- 
rents must  have  just  balanced  each  other.  He  then 
determined  the  weight  of  the  liquid  which  had  dis- 
tilled over,  and  thus  was  able  with  ease  to  deter- 
mine its  latent  heat.  The  following  little  table 
exhibits  the  latent  heats  of  such  vapours  as  have 
been  examined. 


water. 

Steam  .         .         .  1000° 

Alcohol  vapour  (sp.  gr.  0-793)*  597  .  375°-86 

Sulphuric  ether  (sp.  gr.  0*715)*  314  .  163-44 

Oil  of  turpentine*         .           .  299-16  .  138-24 

Ammonia  (sp.  gr.  -0978)f      .  837-28  .  862 

Nitric  acid  (sp.  gr.  l-494)f     .  531-99  .  335 

Naphthat      .         ...  177-87  .  73-77 

If  we  calculate  the  latent  heats  of  these  different 
vapours  from  their  expansions  we  obtain  the  follow- 
ing results. 


Latent 
heats. 


Ditto 
referred  to 


water. 

Alcohol      ^<fi  •  |£.  •/-  f;  ^     578°  .       360° 

Ether  &>•.<:!*:' «j -In     236'7        **l     123<1 

Oil  of  turpentine        ; ,  ^ •      246-7       :i.  \ ,     114 

As  these  are  considerably  below  the  experimental 
results  it  remains  to  be  seen  whether  there  be  an 
error  in  the  expansions,  or  whether  the  conclusion 

*  Dupretz ;  Ann.  de  Chim.  et  de  Phys.,  xxiv.  323.    It  is  proba- 
ble that  the  numbers  given  are  rather  under  the  truth. 
t  Ure;  Phil.  Trans.  1818,  p.  388. 
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that  the  latent  heat  should  be  proportional  to  the  Sect.  n. 
expansion  be  erroneous. 


SECTION  II.     OF  GASES. 

The  word  gas  appears  to  have  been  introduced  Meaning  of 
into  chemistry  by  Van  Helmont.  He  seems 
have  applied  the  term  to  every  thing  which  is  driven 
off  from  bodies  in  the  state  of  vapour  by  heat.*  It 
was  introduced  into  modern  chemistry  by  Macquer, 
who  applied  it  to  all  those  substances  which  Black, 
Priestley,  and  Cavendish,  and  the  British  chemists 
in  general,  had  called  airs.  Macquer  was  of  opinion 
that  atmospherical  air  is  a  simple  or  elementary 
body,  while  those  bodies  to  which  the  term  gas  was 
applied  by  him,  were  in  his  opinion  compounds 
either  of  air  with  other  bodies,  or  of  certain  bodies 
differing  from  air  with  each  other.t 

The  term  is  at  present  applied  to  all  substances 
which  possess  the  mechanical  properties  of  atmo- 
spherical air  ;  that  is  to  say,  which  are  invisible  and 

*  He  divides  gases  into  five  classes.  "  Nescivit,  inquam,  Schola 
Galenica  hactenus  differentiam  inter  Gas  ventosum  (quod  mere  aer 
est,  id  est  ventus  per  syderum  bias  commotus),  Gas  pingue ;  Gas 
siccum,  quod  sublimatum  dicitur,  Gas  fuliginosum,  sive  endemicum, 
et  Gas  sylvestre,  sive  incoercibile,  quod  in  corpus  cogi  non  potest 
visibile."  Van  Helmont  de  flatibus,  §  4.  Opera  Van  Helmont, 
p.  399,  Francofurti,  1682. 

f  See  his  Dictionaire  de  Chimie ;  2d  edition,  article  Gaz. 
Macquer  always  spells  the  word  gaz,  I  know  not  for  what  reason, 
and  in  this  he  was  followed  for  a  time  by  the  French  writers  in 
general.  Van  Helmont  always  spells  the  word  gas,  and  this  mode 
of  spelling  is  now  generally  employed. 
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chap.  in.  elastic,  and  capable  of  indefinite  expansion  and 
rarefaction  without  losing  their  aerial  form.  About 
24  such  bodies  are  at  present  known.  The  follow- 
ing table  exhibits  the  names  and  specific  gravities 
of  these  bodies  which  I  have  determined  by  very 
careful  and  accurate  experiments. 


Sp.  gr.  of 
gases. 


Gases. 

Air  . 

Hydrogen  gas 
Carburetted  hydrogen 
Ammonia 

Subphosphuretted  hydrogen 
Phosphuretted  hydrogen 
Bihydroguret  of  phosphorus 
Carbonic  oxide 
Azotic  gas 
Olefiant  gas 
Deutoxide  of  azote 
Oxygen    •  *'J  -  *  -$9  -'  v* ;  ,  . 
Sulphuretted  hydrogen 
Muriatic  acid 
Carbonic  acid 
Protoxide  of  azote 
Cyanogen 
Sulphurous  acid 
Fluoboric  acid     . 
Protoxide  of  chlorine 
Chlorine     .... 
Chlorocarbonic  acid 
Fluosilicic  acid 
Hydriodic  acid  "* 


>p.  grav.  at  60°. 

Weight  of 
100  cubit  inches 
in  grains. 

1- 

31-1446 

0-0694 

2-1614 

0-5555 

17-3025 

0-59027   . 

18-3837 

06944 

21-6280 

0-9027 

28-1164 

0-9722 

30-2794 

0-9722 

30-2794 

0-9722 

30-2794 

0-9722 

30-2794 

1-0416 

32-4402 

1-1111   &i& 

34-6048 

1-1805   «?;?:. 

36-6816 

1-28472   . 

40-0121 

1-5277 

47-4691 

1-5277 

47-4691 

1-8055 

56-2316 

2-2222 

69-2064 

2-3611 

73-5355 

2-4444 

76-1300 

2-5     i:j- 

77-8615 

3-4722   9Pift 

108-1400 

3-6111   J  ^ 

1  12-4700 

4-34027 

135-1760 

These  gases  are  all  invisible  except  chlorine  and 
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protoxide  of  chlorine  ;  both  of  which  have  a  strong  Sect.  u. 
green  or  yellowish  green  colour. 

Gases  differ  from  vapours  in  this  remarkable  par-  Theory  of 
ticular  that  they  do  not  lose  their  elastic  state  by 
the  application  of  ordinary  cold  or  ordinary  pres- 
sure. Many  philosophers  have  adopted  the  opinion 
that  they  owe  this  elastic  state  to  the  latent  heat 
which  they  contain,  as  is  the  case  with  vapours. 
M.  Amontons,  an  ingenious  member  of  the  French 
Academy  of  Sciences  about  the  beginning  of  the 
18th  century,  was  the  first  who  proposed  this  idea 
with  regard  to  the  atmosphere.  He  supposed  that 
it  might  be  deprived  of  the  whole  of  its  elasticity, 
and  condensed,  and  even  frozen  into  a  solid  body, 
were  it  in  our  power  to  apply  to  it  a  sufficient  cold 
— that  it  is  a  substance  which  differs  from  others  in 
being  incomparably  more  volatile,  and  which  is 
therefore  converted  into  vapour  and  preserved  in 
that  form  by  a  weaker  heat  than  any  that  ever 
occurs  or  can  take  place  in  our  globe — and  which, 
therefore,  cannot  appear  under  any  other  form  than 
the  one  it  now  wears  so  long  as  the  constitution  of 
the  world  remains  the  same  as  at  present. 

Though  this  opinion  may  appear  at  first  sight  an 
extravagant  flight  of  the  imagination,  it  is  notwith- 
standing  supported  very  strongly  by  analogy.  We 
know  that  water  is  easily  converted  by  heat  into  a 
vapour,  which,  so  long  as  it  is  kept  sufficiently  hot, 
possesses  all  the  mechanical  or  sensible  qualities  of 
air.  Alcohol  yields  a  vapour  which  retains  its  elas- 
ticity at  a  still  lower  temperature  than  steam.  The 
vapour  of  sulphuric  ether  is  as  elastic  as  common 
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chap.  in.  air  at  the  temperature  of  96°.  Muriatic  ether  has 
~  the  form  of  a  vapour,  and  is  as  elastic  as  common 
air  at  the  temperature  of  52°,  so  that  we  cannot 
preserve  it  in  a  liquid  form  in  summer.  Ammonia 
retains  its  elastic  form,  and  possesses  all  the  proper- 
ties of  a  gas  till  it  be  cooled  down  to  46°  below 
zero.  In  this  climate,  therefore,  it  always  retains  its 
elastic  form,  and  is  considered  as  a  gas.  But  in 
Melville  island,  where  Captain  Parry  wintered,  it 
would  assume  the  liquid  form  during  a  part  of  the 
year,  as  the  thermometer  in  February  stood  as  low 
as  55°  below  zero. 

Gases  have  This  opinion  of  the  similar  constitution  of  vapours 
densed  into  and  gases,  has  been  still  farther  confirmed  by  Mr. 
Faraday,  who  by  the  united  action  of  pressure  and 
cold,  has  succeeded  in  condensing  eight  different 
gases  into  liquids.*  His  method  was,  to  shut  up 
the  materials  for  generating  the  gas  in  a  strong 
glass  tube  hermetically  sealed.  Heat  was  applied 
(if  necessary)  to  generate  the  gas  at  one  end  of  the 
tube,  while  the  other  extremity  was  kept  cool. 
The  condensation  occasioned  by  the  accumulation 
of  the  gas  in  the  tube,  together  with  the  cold,  at 
last  reduced  the  gas  to  the  liquid  state,  and  it  was 
collected  in  the  cold  part  of  the  tube.  Thus 
mercury  and  concentrated  sulphuric  acid  were 
sealed  up  in  a  bent  tube,  and  being  brought  to  one 
end,  heat  was  carefully  applied,  while  the  other  end 
was  preserved  cool  by  wet  bibulous  paper.  Sul- 
phurous acid  gas  was  produced  where  the  heat  acted, 

*  Phil.  Trans.  1823,  p.  189. 
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and  was  condensed  by  the  sulphuric  acid  present.  Sect- 1L 
But  when  that  acid  had  become  saturated,  the 
sulphurous  acid  passed  to  the  cold  end  of  the  tube, 
and  was  condensed  into  a  liquid.  The  other  liquid 
gases  were  generated,  and  condensed  by  similar 
contrivances. 

The  following  table  exhibits  the  names  of  the 
gases,  which  Mr.  Faraday  succeeded  in  condensing 
into  liquids,  with  the  pressure  necessary  to  produce 
the  liquefaction.  This  pressure  is  denoted  by  the 
number  of  atmospheres  necessary  to  produce  it, 
each  atmosphere  being  equivalent  to  a  column  of 
mercury,  30  inches  in  height. 

Atmospheres'  „     cravitv. 

pressure. 

Sulphurous  acid        _V  2      at  45°  .  1-42 

Cyanogen.     ''".      J\'  '      3-7  at  45°  "./  0-9 

Chlorine     .         i"J'    '•*.';*'  4     at  60°  .  

Ammonia  .         .         .  6£  at  50°  .  0-76 

Sulphuretted  hydrogen  17     at  50°  .  0'9 

Carbonic  acid      .         .  36     at  32°  .  

Muriatic  acid      .  40     at  50°  .  

Protoxide  of  azote       .  50     at  45°  .  

Protoxide  of  chlorine       i Not  detel"  

C    mined. 

Carburetted  hydrogen    1200* 

Sir  Humphry  Davy  has  shown  that  the  elasticity 
of  the  vapours,  from  these  liquid  gases,  increases  at 
a  great  rate  with  their  temperature.  Thus  sulphu- 
retted hydrogen,  condensed  in  a  tube  at  3°,  had  a 
vapour  floating  over  it,  which  exerted  a  pressure  of 

*  Perkins;  Phil.  Trans.,  1826,  p.  544. 
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chap.  in.  j4  atmospheres ;  when  heated  to  47°  it  exerted  a 
pressure  of  17  atmospheres.  Liquid  muriatic  acid 
at  3°,  exerted  a  force  equal  to  20  atmospheres. 
When  heated  22°  its  force  was  equal  to  25  atmo- 
spheres, and  by  a  farther  addition  of  25°  its  elastic 
force  became  equal  to  40  atmospheres.  Carbonic 
acid  at  12°  exerted  a  force  of  20  atmospheres,  and 
at  32°  its  elasticity  was  equal  to  36  atmospheres. 
Liquid  ammonia  at  32°  exerts  a  force  of  5  atmo- 
spheres, and  at  50°  a  force  of  6±  atmospheres. 
Liquid  protoxide  of  azote  at  32°  exerts  a  force  of 
44  atmospheres,  and  at  45°  a  force  of  51 '3  atmo- 
spheres nearly.* 

Mr.  Faraday's  attempts  to  condense  hydrogen, 
oxygen,  fluoboric,  fluosilicic,  and  phosphuretted 
hydrogen  gases;  were  unsuccessful.  Indeed  oxy- 
gen, azotic  gas,  and  hydrogen,  have  been  subjected 
to  a  pressure  of  800  atmospheres,  without  any  ten- 
dency to  assume  the  liquid  form.  All  attempts  to 
condense  them,  therefore,  by  mere  pressure,  are 
likely  to  end  in  disappointment. 

-^ut  ^ere  are  °ther  phenomena  connected  with 
the  gases,  which  may  throw  some  light  on  their 
constitution.  It  is  well  known  that  water  has  the 
property  of  absorbing  them,  and  that  it  absorbs  a 
definite  volume  which  characterizes  each  particular 
gas,  Dr.  Henry  has  ascertained,  that  the  volume 
of  each  gas  absorbed  by  water,  is  the  same  what- 
ever be  the  pressure  to  which  the  gas  is  previously 
subjected.  If  we  double  the  weight  of  carbonic 
acid,  by  subjecting  it  to  the  pressure  of  two  atmo- 
*  Phil.  Trans.  1823,  p.  200. 
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spheres,  water  will  still  absorb  its  own  volume  of  it.  Sect.  u. 
The  following  table  exhibits  the  volumes  of  each 
gas  absorbed  by  100  volumes  of  water,  supposing 
the  temperature  and  pressure  the  same  in  all  cases. 

Absorption  in  volumes.  Authority. 

Cyanogen            .         .  .  450  V;J  Gay-Lussac 

Sulphuretted  hydrogen  .  366-6  .  Thomson 

Chlorine              .         .  .  200  *  Berthollet 

Carbonic  acid     .          .  .106  .  Cavendish 

Protoxide  of  azote  76  .  Saussure 

Olefiantgas         .         .  .  15-3  .  Saussure 

Phosphu retted  hydrogen  .  5  .  Thomson 

Deutoxide  of  azote  .  3*7  .  Dalton 

Oxygen                ...  3*7  Henry 

Carburetted  hydrogen  .  3-7  .  Dalton 

Azote          ....  2*5  Dalton 

Carbonic  oxide             .  .  2-01  .  Henry 

Hydrogen            .'       »  .  2  .  Dalton 

Mr.  Thomas  Graham  has  suggested  that  these  Depends 

upon  the 

gases  before  they  can  be  absorbed  by  or  combine  tendency  to 

0  J  *  assume  the 

with  water,  in  all  probability  assume  the  liquid  li(iuid  state- 
form.  If  this  conjecture  be  admitted,  it  is  clear 
that  the  quantity  of  each  absorbed  must  bear  some 
relation  to  its  elasticity.  It  may  not  be  in  the 
inverse  ratio  exactly,  because  the  amount  of  the 
affinity  between  the  gases  and  water  may  and  pro- 
bably does  differ  considerably.  This  is  doubtless 
the  reason  why  sulphuretted  hydrogen  is  more 
absorbable  than  chlorine,  although  chlorine  is  con- 
densable by  a  pressure  of  4  atmospheres,  while 
sulphuretted  hydrogen  requires  17  atmospheres  to 
condense  it.  But  we  may  conclude  in  general, 
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chap.  in.  that  those  gases  which  are  but  little  absorbed  by 
water,  are  much  more  difficult  to  condense  into  the 
liquid  state  by  pressure  than  those  which  are  absorb- 
ed in  great  quantity,  by  that  liquid.  Accordingly 
we  find  that  all  the  gases  liquefied  by  Mr.  Faraday, 
are  absorbed  in  considerable  quantity  by  water. 
He  succeeded  with  sulphurous  acid,  muriatic  acid, 
and  ammonia,  which  are  absorbed  by  water  in 
great  quantity,  and  likewise  with  the  first  five 
gases  in  the  preceding  table  ;  but  he  failed  with  all 
the  rest.  It  is  not  unlikely  that  olefiant  gas  might 
also  be  condensed  into  a  liquid,  though  the  pres- 
sure requisite  would  be  much  greater  than  what 
was  required  to  condense  any  of  those  that  precede 
it  in  the  table.  But  the  very  small  absorbability 
of  all  the  rest,  renders  it  unlikely  that  any  of 
them  could  be  condensed  into  a  liquid  by  simple 
pressure.  We  see  indeed  from  Mr.  Perkins'  experi- 
ment that  carburetted  hydrogen  is  condensed  by  a 
pressure  of  1200  atmospheres.  The  same  pressure 
would  probably  condense  all  the  gases  above  it  in 
the  table. 

Upon  the  whole,  the  notion  that  gases  and 
vapours  have  the  same  constitution,  and  differ 
only  in  the  obstinacy  with  which  the  former  re- 
tain their  latent  heat,  is  supported  by  such  strong 
analogies,  and  so  many  gases  have  actually  been 
reduced  to  liquids  by  the  united  action  of  cold  and 
pressure,  that  it  has  been  generally  adopted  by 
modern  chemists. 


ratures< 


SPONTANEOUS  EVAPORATION. 

SECTION  III. 
OF  SPONTANEOUS  EVAPORATION. 

Every  body  knows  that  water  evaporates  at  all  Sect-  IIL 
temperatures,  however  low.  After  a  heavy  fall  of  water  eva 
rain  the  roads  become  deep,  and  the  country 
becomes  studded  with  little  ponds  of  water.  But 
after  a  few  days  or  weeks  of  fair  weather,  the 
roads  get  dry  and  dusty,  and  the  little  ponds  of 
water  disappear.  And  this  takes  place  not  only 
in  summer  but  even  in  winter,  when  the  weather 
happens  to  continue  dry  for  some  time.  The 
Mediterranean  sea  receives  many  very  large  rivers. 
The  Nile,  the  Po,  the  Rhone,  the  Ebro,  the  Dan- 
ube,  the  Nieper,  the  Don,  and  many  other  rivers 
of  smaller  extent  empty  themselves  either  directly 
into  the  Mediterranean  or  into  the  seas  connected 
with  it,  and  constituting  as  it  were  a  part  of  this 
great  inland  ocean.  Yet  notwithstanding  this 
great  and  regular  influx  of  water,  this  sea  not  only 
does  not  increase  in  size  ;  but  a  constant  current 
sets  in  from  the  Atlantic  through  the  Straits  of 
Gibraltar.  An  evident  proof  that  the  natural 
evaporation  from  the  surface  of  the  Mediterranean, 
is  more  than  sufficient  to  dissipate  all  the  water 
thrown  into  it  from  a  vast  tract  of  Europe  and 
Africa. 

Water  is  not  the  only  liquid  that  evaporates  at  And  some 
temperatures  below  the  boiling   point.     Alcohol,  quids. 
ethers,   bisulphuret  of  carbon,  volatile  oils,  nitric 
acid,  and  some  other  liquids  (even  mercury),  are  in 

I.  R 
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chap.  in.  similar  circumstances.  Sulphuric  acid,  indeed,  in 
the  state  in  which  it  is  prepared  by  our  manufac- 
turers, not  only  does  not  evaporate,  but  even 
absorbs  moisture  from  the  atmosphere  and  becomes 
much  heavier.  But  when  we  expose  sulphuric  acid 
totally  destitute  of  water  (in  which  state  it  is  a 
white  solid)  to  the  atmosphere,  it  evaporates  at  the 
common  temperature  with  great  rapidity,  and 
speedily  fills  the  apartment  in  which  it  is  exposed 
with  a  white  smoke,  so  thick  and  so  offensive,  that 
I  have  been  frequently  obliged  to  quit  the  apart- 
ment till  the  offensive  vapour  was  dissipated  by 
throwing  open  the  windows.  The  fixed  oils  do 
not  evaporate  sensibly  till  their  temperature  is 
raised  to  a  considerable  height.  Indeed,  the 
term  evaporation  as  applied  to  them  is  not  quite 
correct,  for  they  cannot  be  converted  into  vapour 
or  distilled  over  without  acquiring  new  proper- 
ties. 

tfovnpc°ona."        Let  us  consider  the  evaporation  of  water  at  low 
the  temperatures  with  attention. 

1.  This  evaporation  is  entirely  confined  to  the 
surface,  and  is  therefore  proportional  to  the  surface. 
Hence,  if  the  quantity  of  water  to  evaporate  be 
constant,  it  will  disappear  the  sooner  the  shallower 
it  is,  because  its  surface  will  be  the  greater.  If  we 
cover  the  surface  of  the  water  with  oil,  the  eva- 
poration is  stopped  altogether. 

On  the  western  coast  of  France,  and  in  some 
places  on  the  south  coast  of  England,  sea  salt  is 
obtained  by  allowing  sea  water  to  evaporate  spon- 
taneously, till  the  salt  separates  in  crystals.  The 
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sea  water  is  allowed  to  flow  into  a  number  of  shallow,  Sect-  m« 
oblong  divisions  dug  on  the  sea  shore,  and  lined 
internally  with  clay.  The  sea  water  in  these  pits 
presents  a  great  surface,  and  in  the  hot  weather  of 
summer,  it  gradually  evaporates  away  (provided  the 
weather  be  dry),  leaving  the  salt  in  crystals.  Salt 
obtained  in  this  way,  is  called  bay  salt.  The  crys- 
tals are  large  and  hard,  and  not  very  white.  This 
kind  of  salt  is  preferred  to  every  other  by  the  curers 
of  fish.  At  one  time,  the  superiority  of  Dutch 
cured  herrings  was  ascribed  to  the  bay  salt  with 
which  they  were  salted. 

2.  Water  does  not  evaporate  so  rapidly  when  the  £n 
air  is  still,  as  when  it  is  agitated  by  a  brisk  wind. 
And  the  more  rapid  the  current  of  air  the  more 
rapidly,  ceteris  paribus,  does  the  water  disappear. 
Hence,  in  manufactories  where  the  evaporation  of 
water  constitutes  a  part  of  the  process,  the  vessels 
containing  the  water  to  be  evaporated,  ought  to  be 
placed  so  that  a  brisk  current  of  air  shall  pass  over 
their  surface.  In  Glasgow  and  the  neighbourhood, 
soda  and  alum  leys  are  brought  to  the  requisite 
degree  of  concentration,  by  passing  over  their  sur- 
face a  brisk  current  of  air  which  has  previously 
passed  through  a  fire ;  so  that  the  flame  of  the 
fire  plays  over  the  surface  of  the  evaporating  liquor. 
And  this  process  has  been  found  more  convenient 
and  economical,  than  the  common  method  of  eva- 
porating liquids,  by  applying  heat  to  the  bottom 
of  the  vessels  containing  them. 

When  air  is  perfectly  still  the  vapour  as  it  forms 
accumulates  over  the  surface  of  the  water,  and  in 
proportion  as  this  accumulation  increases,  does  the 
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chap,  in  process  of  evaporation  diminish.     So  that  at  last 
it  is  reduced  to  nothing. 

An?by  3.  The  rate  of  evaporation  increases  with  the 
temperature.  Evaporation  goes  on  at  32°,  or  even 
at  lower  temperatures.  For  ice  and  snow  are  con- 
stantly emitting  vapour,  and  diminishing  in  weight 
when  surrounded  by  a  dry  atmosphere.  If  two  or 
three  ounces  of  ice  be  confined  in  the  exhausted 
receiver  of  an  air-pump  over  concentrated  sulphu- 
ric acid,  it  evaporates  all  away  in  little  more  than 
24  hours ;  and  yet  during  the  whole  time  the  tem- 
perature of  the  ice  is  considerably  lower  than  32°. 
In  the  open  air,  and  consequently  under  the  pres- 
sure of  the  atmosphere,  the  evaporation  of  the  ice, 
though  quite  sensible,  is  a  great  deal  slower. 

Mr.  Dal  ton  made  a  set  of  experiments  to  deter- 
mine the  rate  at  which  water  evaporates  from  a 
vessel  of  a  given  diameter  at  different  temperatures. 
By  observing  the  rate  at  which  the  evaporation 
increased  or  diminished  according  to  the  tempera- 
ture, he  was  enabled  to  construct  a  table  exhibiting 
the  quantity  evaporated  in  a  given  time  at  every 
temperature,  from  zero  up  to  212° — supposing  the 
atmosphere  in  which  the  evaporation  is  going  on  to 
be  quite  free  from  vapour.  He  found  that  the  rate 
of  evaporation  was  always  proportional  to  the  elas- 
ticity of  the  vapour  generated,  measured  by  the 
length  of  a  column  of  mercury  which  it  is  capable 
of  supporting.  By  referring  to  the  table  of  the 
elasticities  of  vapour  at  different  temperatures  given 
in  page  215,  it  will  be  seen  that  the  quantity  eva- 
porated from  a  given  surface  at  the  following  tem- 
peratures is  nearly  as  follows  : 
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Temperature. 

212° 

180 

150 

125 

100 

79-5 

58 

38 

18-5 


Rate  of  evaporation. 

512 

256 

128 

64 

32 

16 

8 

4 

2 
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The  following  table  showing  the  force  of  vapour 
at  all  temperatures,  from  32°  to  80°,  was  con- 
structed by  interpolation  from  a  set  of  experiments 
made  with  great  care,  by  Mr.  Crichton  of  Glasgow, 
to  determine  the  force  of  vapour  at  32°,  40°,  50°, 
and  60°.  The  three  last  columns  of  the  table  show 
the  quantity  of  vapour  in  grains  which  would  be 
driven  off  in  a  minute  from  a  circular  vessel  of 
water  six  inches  in  diameter,  as  determined  by 
Mr.  Dalton,  according  as  it  is  placed  in  circum- 
stances less  or  more  favourable  for  evaporation.* 


Tempera, 
ture. 

Force  of  vapour  in 
inches  of  mercury. 

Quantity  evaporated  per  minute  from  a 
circular  vessel  6  inches  diameter  in  grains. 

1 

2 

3 

32° 

0-2000 

0-80 

1-03 

1-26 

33 

0-2066 

0-83 

1-07 

1-30 

34 

0-2134 

0-86 

•11 

1-35 

35 

0.2204 

0-89 

•14 

1-39 

36 

0-2277 

0-92 

•18 

1-45 

37 

0-2352 

0-95 

•22 

1-49 

38 

0-2429 

0-98 

•26 

1-54 

39 

0-2509 

1-02 

•31 

1-60 

40 

0-2600 

1-05 

•35 

1-65 

41 

0-2686 

1-09 

1-40 

1-71 

Table  of 
the  force  of 
vapour,  and 
rate  of  eva- 
poration. 


*  Manchester  Memoirs,  v.  585,  1st  series. 
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Tempera- 
ture. 

Force  of  vapour  in 
inches  of  mercury. 

Quantity  evaporated  per  minute  from  a 
circular  vessel  6  inches  diameter  in  grains. 

1 

2 

3 

42° 

0-2775 

•13 

1-45 

1-78 

43 

0-2866 

•18 

1-51 

1-85 

44 

0-2961 

•22 

1-57 

1-92 

45 

0-3059 

•26 

1-62 

1-99 

46 

0-3160 

•31 

1-68 

2-06 

47 

0-3264 

•36 

1-75 

2-13 

48 

0-3372 

•40 

1-80 

2-20 

49 

0'3483 

•45 

1-86 

2-28 

50 

0-3600 

•50 

1-92 

2.36 

51 

0.3735 

•55 

1-99 

2-44 

52 

0-3875 

•60 

2-06 

2-51 

53 

0-4020 

•66 

2-13 

2-61 

54 

0-4171 

-71 

2-20 

2-69 

55 

0-4327 

1-77 

2-28 

2-78 

56 

0-4489 

1-86 

2-35 

2-88 

57 

0-4657 

1-90 

2-43 

2-98 

58 

0-4832 

1-96 

2-52 

3-08 

59 

0-5012 

2-06 

2-61 

3-19 

60 

0-5200 

2-10 

2-70 

3-30 

61 

0-5377 

2-17 

2-79 

3-41 

62 

0-5560 

2-24 

2-88 

3-52 

63 

0-5749 

2-31 

2-97 

3-63 

64 

0-5944 

2-39 

3-07 

3-76 

65 

0-6146 

2-46 

3-16 

3-87 

66 

0-6355 

2-54 

3-27 

3'99 

67 

0-6571 

2-62 

3-37 

4-12 

68 

0-6794 

2-70 

3-47 

4-24 

69 

0-7025 

2-79 

3-59 

4-38 

70 

0-7260 

2-88 

3-70 

4-53 

71 

0-7507 

2-98 

3-83 

4-68 

72 

0-7762 

3-08 

3-96 

4-84 

73 

0-8026 

3-18 

4-09 

5-00 

74 

0-8299 

3-29 

4-23 

5-17 

75 

0-8581 

3-40 

4-37 

5-34 

76 

0-8873 

3-52 

4-52 

5-53 

77 

0-9175 

3-65 

4-68 

5-72 

78 

0-9487 

3-76 

4-83 

5-91 

79 

0-9809 

3-88 

4-99 

6-10 

80 

1-0120 

4-00 

5-14 

6-29 
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Were  we  to  suppose  the  atmosphere  perfectly  Sect.ni. 
dry  in  both  cases,  the  rate  of  evaporation  ought  to 
be  four  times  greater  in  summer  than  in  winter 
from  the  surface  of  lakes  and  the  earth  in  this 
country.  In  reality  the  difference  is  much  greater, 
because  the  atmosphere  is  usually  loaded  with  mois- 
ture in  winter,  and  comparatively  dry  in  summer. 
And  to  know  the  true  rate  of  evaporation  we  must 
always  subtract  from  the  quantity  that  would  be 
evaporated  what  exists  already  in  the  atmosphere. 

4.  Water  evaporates  much  more  rapidly  in  vacuo, 

.  ,      ,      -  -11  .  .          tion  most 

provided  the  vapours  be  withdrawn  in  proportion  rapid  in  a 
as  they  are  formed,  than  it  does  under  the  pressure 
of  the  atmosphere,  supposing  the  temperature  and 
all  other  things  the  same.  This  is  beautifully 
exemplified  in  Professor  Leslie's  mode  of  producing 
ice,  by  placing  a  vessel  containing  water  a  little 
above  a  flat  dish  filled  with  sulphuric  acid  in  the 
exhausted  receiver  of  an  air-pump.  The  sulphuric 
acid  absorbs  the  vapours  as  fast  as  they  are  pro- 
duced ;  the  rate  of  evaporation  is  kept  up,  and  so 
great  a  degree  of  cold  produced  that  the  water 
soon  freezes  even  in  summer.  The  cold  produced 
is  here  the  criterion  of  the  rapidity  of  evaporation. 
And  in  favourable  circumstances  Mr.  Leslie  not 
only  froze  mercury  by  this  process ;  but,  if  I 
understand  him  rightly,  he  sunk  the  thermometer 
to  —120°. 

5.  Such  are  the  constant  phenomena  of  sponta- 
neous  evaporation.     Let   us   now   attend   to   the 
explanations  of  these  phenomena  which  have  been 
successively  proposed  by  men  of  science. 
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chap.  in.  It  was  supposed  at  first  that  the  vapour  which 
rises  from  water  below  the  boiling  point  is  quite 
different  from  the  vapour  of  water  produced  at  or 
above  the  boiling  point.  In  particular  it  was  sup- 
posed that  this  low  temperature  vapour  is  devoid 
of  elasticity.  This  led  to  an  explanation  of  spon- 
taneous evaporation  first  suggested  by  Dr.  Halley, 
and  afterwards  explained  in  detail  by  Leroi  of 
Montpellier,  Dr.  Franklin,  Dr.  Hamilton  of  Dublin, 

Evapora-    and  several  other  men  of  science.     According  to 

tion  ascrib- 
ed to  solu-   Dr.  Halley  water  is  dissolved  by  air  in  the  same 

way  as  salt  or  sugar  is  dissolved  by  water.  This 
hypothesis  accounts  for  many  of  the  phenomena  of 
spontaneous  evaporation  in  a  simple  and  satisfactory 
manner.  It  gives  us  a  reason  why  evaporation  is 
so  much  promoted  by  wind — because  the  solvent 
is  rapidly  renewed.  Heat  increases  the  solvent 
power  of  air  just  as  it  does  that  of  water. 
But  erro-  gut  when  Deluc  and  Saussure  demonstrated  that 

neously. 

vapour  of  all  temperatures  is  possessed  of  elasticity, 
and  that  it  augments  the  volume  of  air  when  mixed 
with  it  exactly  in  proportion  to  its  elasticity,  the 
theory  of  Halley  lost  much  of  its  plausibility.  And 
after  Saussure  and  Pictet  had  ascertained  that 
evaporation  goes  on  better  in  vacuo  than  under  the 
pressure  of  the  atmosphere,  and  that  the  vapour 
thus  formed  in  vacuo  possessed  the  same  elasticity, 
and  occupied  the  same  volume,  as  when  formed 
under  the  pressure  of  the  atmosphere,  the  theory 
was  no  longer  tenable.  For  how  can  spontaneous 
evaporation  be  considered  as  a  solution  of  water  in 
air  when  it  goes  on  better  without  air  ?  Or  how 
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could  it  be  considered  as  a  chemical  union  between  Sect  in. 
air  and  water  when  it  was  known  that  the  volume 
of  vapour  depended  in  all  cases  upon  the  tempera- 
ture, and  that  the  kind  of  air,  or  even  the  absence 
of  all  air,  was  a  matter  of  indifference  ? 

After  these  facts  had  become  known  towards  the 
end  of  the  last  century,  there  was  a  general  disposi- 
tion among  well  informed  chemists  to  abandon  the 
theory  of  Halley.  But  it  was  the  Essays  and  Expe- 
riments of  Mr.  Dalton,  published  in  1802,*  which 
completely  established  the  true  theory  of  sponta- 
neous evaporation. 

Water  and  many  other  liquids  have  a  tendency  Method  of 

,      \       «  i  *   determin- 

to  assume  the  elastic  form  or  vapours  at  all  tempe-  ™s the 

i  i     iume  ° 

ratures   however  low.     At  low  temperatures  the  p°ur »» 

atmO" 

elasticity  of  these  vapours  is  small.  Hence  unless  sphere, 
the  particles  of  vapour  be  at  a  great  distance  from 
each  other,  they  unite  together  again,  and  assume 
the  form  of  a  liquid.  Thus  the  quantity  of  vapour 
which  can  exist  in  the  atmosphere  is  regulated  by 
the  elasticity  of  that  vapour.  And  this  elasticity  is 
measured  by  the  height  at  which  it  is  capable  of 
supporting  a  column  of  mercury.  We  usually 
reckon  the  mean  height  of  the  barometer  at  the  sea- 
shore in  this  country  30  inches.t  At  32°  vapour 
of  water  is  capable  of  supporting  a  column  of  mer- 
cury 0-2  inch  in  height.  It  is  clear,  therefore,  that 
at  that  temperature  the  utmost  quantity  of  the 

*  Manchester  Memoirs,  1st  series,  v.  535. 
f  I  have  already  stated  that  the  true  height  is  a  little  lower  than 
this,  or  29.82  inches. 
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chap.  in.  vapour  of  water  which  can  exist  in  the  atmosphere 
is  about  yjoth  of  its  volume. 

Mr.  Dalton  has  shown  that  if  p  —  pressure  of 
the  atmosphere  in  inches  of  mercury,  /'=  elasticity 
of  vapour  contained  in  the  atmosphere,  x  =  volumes 
of  dry  air  in  100  volumes  of  the  given  atmospheri- 
cal air.  Then 

100 

P  %  -  • 

•^—    =  100  5  consequently  x  =        p 


Let  air  be  saturated  with  moisture  at  32°.     In  that 

case  we  have 

p  =  30  _p_    _SO__ 

f=0.2  p—f     '29-8  '  °71 


*  = 

So  that  the  vapour  in  100  volumes  of  such  air  has 
a  volume  amounting  to  0-666,  which  is  just  T£oth 
of  the  whole. 

At  the  temperature  of  60°,  /=  0\52,  we  have 
therefore 

100 


So  that  the  whole  vapour  capable  of  existing  in  the 
atmosphere  at  the  temperature  of  60°  is  Tunlf  o« 

The  highest  temperature  that  I  have  ever  seen 
in  Great  Britain  was  93°.     At  that  temperature 


30  x 
=  =100;  and  ^  =  95. 
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So  that  the  vapour  capable  of  existing  in  the  atmo-  Seet- IIT- 
sphere  at  that  temperature  is  Tf  <j  or  ?V 

Thus  we  can  easily  determine  the  volume  of 
vapour,  which  is  capable  of  existing  in  the  atmo- 
sphere at  any  temperature. 

A  still  easier  method  of  obtaining  the  same 
volume,  is  to  ascertain  by  the  preceding  table,  the 
force  of  vapour  at  any  given  temperature.  Let 
this  number  be  made  numerator  of  a  fraction 
whose  denominator  is  the  constant  number  30. 
This  fraction  will  denote  the  volume  of  vapour, 
capable  of  existing  in  the  atmosphere,  at  the  given 
temperature,  supposing  it  reduced  to  the  density  of 
steam  at  212°,  or  supposing  its  specific  gravity 
0-625.  Thus  at  60°  the  force  of  vapour  is  0-52,  its 
volume  capable  of  existing  in  the  atmosphere,  at 
that  temperature,  is  therefore  7ffifo»  or  rather  more 
than  y^th  part. 

Mr.  Dalton's  method  of  determining  the  elas- 
ticity of  vapour,  at  various  temperatures,  was  this. 
He  had  a  barometer  tube  shut  at  one  end,  and 
open  at  the  other,  and  quite  dry.  It  was  filled 
with  newly  boiled  mercury,  inverted  in  a  basin  of 
mercury  ;  the  height  of  the  mercury  was  accurately 
marked,  and  the  tube  was  graduated  into  inches, 
and  tenths,  by  means  of  a  file.  A  little  water  was 
then  poured  into  the  tube  in  place  of  the  mercury, 
so  as  to  moisten  the  whole  inside.  Mercury  was 
poured  into  the  tube  again,  and  it  was  inverted  as 
before,  into  a  basin  of  mercury.  By  degrees  a  thin 
film  of  water  collected  on  the  surface  of  the  mer- 
cury. The  mercury  stood  a  little  lower  in  the  tube 
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Chap.  in.  than  before,  and  the  difference  of  altitude  indicated 
the  elasticity  of  the  vapour  of  water,  at  the  tempe- 
rature at  which  the  observation  was  made  ;  or  the 
height  of  the  column  of  mercury  which  it  would 
be  capable  of  supporting. 

Mr.  Dalton  then  took  a  cylindrical  glass  tube, 
open  at  both  ends,  2  inches  in  diameter,  and  14 
inches  long.  To  each  end  of  it  a  cork  was  fitted, 
perforated  so  as  to  admit  the  barometer  tube  to  be 
passed  through,  and  to  be  held  fast.  Into  this 
cylinder  he  put  water  of  different  temperatures,  and 
observed  how  far  the  top  of  the  mercury  was  de- 
pressed by  each.  This  depression  gave  the  elas- 
ticity of  the  vapour  at  the  given  temperatures. 
Proceeding  in  this  way,  he  constructed  the  table 
inserted  in  page  215  of  this  volume.  And  by  ob- 
serving the  rate  at  which  the  elasticity  varied,  he 
was  enabled  to  extend  his  table  down  to  a  tempe- 
rature as  low  as  —  40°. 


Rate  of          Qt  But  the  rate  of  evaporation,  which  has  been 

evaporation  L 

depends  on  ;ust  explained,  holds  good  only  when  the  atmo- 

the  quanti-  *>  * 

tyofva-     sphere  is  perfectly  dry,   or  wrhen  it   contains   no 

pour  in  air.     L  •/  •/  ' 

vapour  whatever.  If  vapour  be  already  present  in 
the  atmosphere,  as  is  always  the  case  in  this 
country,  then  the  quantity  capable  of  evaporating 
at  a  given  temperature,  will  be  the  quantity  in  the 
table  diminished  by  the  vapour  already  existing  in 
the  atmosphere.  If  we  suppose  the  atmosphere  to 
contain  as  much  vapour,  as  is  capable  of  existing 
in  it  at  the  given  temperature,  then  it  is  obvious 
that  no  evaporation  whatever  would  take  place. 
If  the  quantity  of  vapour  contained  in  the  atmo- 
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sphere  be  less  than  it  can  support,  we  must  find  Sect.  in. 
how  much  less,  and  this  quantity  subtracted  from 
the  rate  of  evaporation  at  the  given  temperature, 
when  the  atmosphere  is  dry,  will  give  us  the  true 
quantity,  which  will  evaporate  under  the  existing 
circumstances.  Suppose  the  temperature  to  be  60°. 
At  that  temperature,  the  force  of  vapour  is  0%52 
inch,  so  that  at  60°  the  atmosphere  is  capable  of 
containing  about  jVth  of  its  volume  of  vapour. 
But  let  us  suppose  that  the  elasticity  of  the  vapour 
already  in  the  atmosphere,  is  0*26.  We  must  sub- 
tract 0*26  from  0*52 ;  the  remainder  O26  gives  the 
elasticity  of  the  steam  that  really  can  enter  the 
atmosphere.  Now  O26  represents  the  elasticity  of 
steam  at  40°.  So  that  though  the  temperature  be 
60,  yet  in  consequence  of  the  vapour  already 
existing  in  the  atmosphere,  no  more  water  will 
evaporate  from  a  given  surface  than  would  evapo- 
rate at  40°,  if  the  atmosphere  at  that  temperature 
were  perfectly  dry. 

Various  instruments  have  been  contrived,  to 
enable  us  to  ascertain  the  quantity  of  vapour  exist- 
ing in  the  atmosphere  by  inspection.  These  instru- 
ments  are  distinguished  by  the  name  of  hygrometers. 
The  three  most  celebrated  of  these  instruments  are 
the  hygrometer  of  Deluc,  of  Saussure,  and  of 
Leslie. 

Deluc's  hygrometer  consists  of  an  extremely 
thin  piece  of  whalebone  attached  to  an  index, 
which  by  the  whalebone  swelling  when  it  imbibes 
moisture,  and  contracting  as  it  dries,  is  turned 


ters. 
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ChaP- IIL  round,  and  thus  points  out  the  degree  of  moisture 
or  dryness  of  the  air. 

Saussure's  hygrometer  consists  of  a  human  hair 
boiled  in  a  caustic  ley,  and  moving  an  index  pre- 
cisely in  the  same  way  by  its  expansions  and  con- 
tractions. 

Leslie's  hygrometer  is  merely  his  differential 
thermometer  with  one  of  the  balls  covered  with 
silk  and  bibulous  paper  and  kept  moist.  This 
moisture  evaporating  produces  cold  and  contracts 
the  volume  of  air  within  the  ball.  Hence  the 
coloured  liquor  rises  in  the  tube  under  this  ball. 
The  instrument  therefore  measures  the  rapidity  of 
evaporation.  But  this  rapidity  is  always  (other 
things  being  equal)  directly  as  the  temperature, 
and  inversely  as  the  quantity  of  moisture  already 
in  the  atmosphere.  This  instrument,  however, 
cannot  point  out  the  true  quantity  of  vapour 
already  in  the  atmosphere,  because  the  rate  of 
evaporation  is  not  merely  affected  by  the  quantity 
of  vapour  already  in  the  atmosphere,  but  likewise 
by  every  alteration  in  the  temperature  of  the  air. 
Method  of  To  determine  the  elasticity  of  the  vapour  in  the 

finding  the  i        i     • 

quantity  of  atmosphere,  the  simplest  method  is  one  long  ago 
air.  employed  by  Leroi,  and  afterwards  by  Mr.  Dal  ton. 

It  is  founded  upon  a  well-known  property  of  glass. 
If  a  piece  of  glass  one  degree  colder  than  the  atmo- 
sphere, be  surrounded  with  air  holding  as  much 
vapour  as  it  can  hold  at  the  given  temperature, 
moisture  will  be  deposited  upon  it.  The  method  is 
this.  Suppose  we  wish  to  determine  the  quantity  of 
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vapour  actually  in  the  atmosphere.  We  must  repair  ***•  Iir- 
either  to  the  fields  or  at  least  to  an  open  window  ;  for 
were  we  to  determine  within  doors  our  results  would 
seldom  be  accurate.  Provide  a  very  thin  glass 
tumbler,  a  thermometer  and  a  quantity  of  water  ten 
or  fifteen  degrees  colder  than  the  atmosphere.  In 
summer  the  water  from  our  springs,  which  in  the 
neighbourhood  of  Glasgow  have  a  temperature  of 
about  47°.75,  will  answer  very  well.  But  in  winter 
the  water  must  be  cooled  with  ice,  or  we  must 
sometimes  use  a  mixture  of  snow  and  salt,  or  when 
ice  or  snow  cannot  be  had,  we  may  easily  reduce 
the  temperature  of  the  water  low  enough  for  the 
purpose  by  dissolving  in  it  a  quantity  of  pounded 
crystals  of  glauber  salt  or  of  carbonate  of  soda.  Pour 
the  water  into  the  tumbler.  Moisture  is  imme- 
diately deposited  upon  the  outside  of  the  glass  (if 
the  water  be  cold  enough).  Pour  back  the  cold 
water  into  the  vessel  which  originally  contained  it, 
and  wipe  the  outside  of  the  tumbler  dry.  When 
the  water  has  become  a  little  warmer,  pour  it  again 
into  the  tumbler,  and  observe  whether  moisture  be 
deposited  on  the  outside.  If  it  be,  the  water  must 
be  allowed  to  get  a  little  warmer,  and  the  trial 
again  repeated.  Proceed  in  this  way  till  the  water 
is  just  not  cold  enough  to  cause  the  condensation 
of  vapour  on  the  outside  of  the  glass.  Over  against 
the  temperature  of  the  water  thus  determined  in 
the  preceding  table,  will  be  found  the  elasticity  of 
the  vapour  in  the  atmosphere  at  the  time  of  our 
observation.  If  the  temperature  of  the  air  be  60°, 
and  water  of  the  temperature  50°  is  just  incapable 
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chap.  in.  of  condensing  vapour  on  the  outside  of  the  glass  ; 
then  50°  represents  the  temperature  which  mea- 
sures the  elasticity  of  the  vapour  in  the  atmosphere. 
Over  against  50°  in  the  table  we  find  0.36  inch, 
which  represents  the  elasticity  of  the  vapour  in  the 
atmosphere  at  the  time  of  the  observation. 

Mr.  Daniel's  hygrometer  is  an  instrument  con- 
trived to  make  the  above  observation  still  more 
conveniently.  The  glass  is  cooled  by  means  of 
ether,  and  the  temperature  of  the  glass  when  mois- 
ture is  deposited  on  it  is  indicated  by  a  thermome- 
ter, which  constitutes  a  part  of  the  apparatus. 

Mr.  Thomas  Jones  has  contrived  a  still  simpler 
instrument.  It  is  merely  a  mercurial  thermometer 
with  a  large  bulb  which  is  turned  up  by  bending 
the  glass  tube  into  the  shape  of  a  6.  A  little 
below  the  bulb  is  tied  a  piece  of  silk.  When  the 
instrument  is  to  be  used,  a  few  drops  of  ether 
are  let  fall  upon  the  silk  cloth.  Cold  is  produced. 
The  moment  is  watched  when  moisture  condenses 
on  the  top  of  the  bulb.  The  height  of  the  ther- 
mometer at  that  instant  is  noted.  It  gives  the 
temperature  which  we  look  for  in  the  table,  and 
over  against  it  is  placed  the  elasticity  of  the  vapour 
in  the  atmosphere  at  the  time  of  the  observation. 

After  trying  both  Daniel's  hygrometer,  and  Mr. 
Jones'  thermometer,  I  am  satisfied  that  the  results 
obtained  by  them  are  not  so  accurate  as  those 
obtained  by  the  simple  tumbler  and  cold  water,  pro- 
vided the  tumbler  be  made  of  sufficiently  thin  glass. 

7.  The  quantity  of  vapour  in  the  atmosphere  at 
Glasgow,  and  doubtless  in  every  part  of  Great 
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Britain,  is  greater  in  summer  than  in  winter.     Yet  s^t.  in. 
the  rate  of  evaporation  is  greater  in  summer  than 
in  winter ;  because  during  winter  the  atmosphere 
is  much  nearer  the  point  of  saturation   than  in 
summer.     The  following  table  exhibits  the  mean  Rate  of 

i         •    •  f*  i  i  /~ii  evaporation 

elasticity  or  vapour  in  the  atmosphere  in  Glasgow in  G 
during  the  year  1823,  and  likewise  the  evaporation, 
determined  by  the  elasticity  of  the  vapour  evapor- 
ated, for  every  fortnight.  The  observations  were 
made  daily,  with  scrupulous  attention  to  accuracy, 
by  Dr.  Hugh  Colquhoun  of  Glasgow,  who  was  at 
that  time  my  assistant. 


May 

June 

July 

August 

September 

October 

November 

December 


1  fortnight 


1 
2 
I 
2 
1 
2 
I 
2 
1 
2 
1 
2 
1 
2 

1824.  January  1 
2 

February  1 
2 
I. 


Elast.  of  vapour  in  atmo- 
sphere inches  mcr. 

0*2707 

0-3494 

0-3052 

0-2822 

0-3526 

0-3819 

0-4000 

0-3546 

0-3790 

0-3404 
,(;  0-3233 
/  0-3026 

0-2808 

0-3232 
,'';  0-2449 
,.  :  0-2453 

0-2481 

0-2578 

0-2468 

0-2170 


Evaporation 
inches  mer. 

0*1482 
0-1429 
0-2259 
0-3232 
0-2475 
0-2037 
0-1854 
0-2415 
0-1945 
0-1253 
0-0766 
0-0798 
0-0747 
0-0450 
0-0295 
0-0212 
0-0604 
0-0535 
0-0650 
0-0784 
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chap.  in.  The  following  table  exhibits  the  average  elas- 
ticity of  vapour  in  the  atmosphere  at  Glasgow,  and 
the  rate  of  evaporation  monthly  during  the  time  in 
which  the  observations  were  made. 


Elasticity  of  vapour 
in  atmosphere. 


1823.  May  .         0-3113 
June  .         0-2937 
July                 .         0-3077 
August            .         0-3766 
September      .         0-3596 
October  .         0-3126 
November      .         0-3020 
December      .         0-2431 

1824.  January  .         0-2531 
February        .         0-2314 

Few  observations  on  the  dew  point  have  been 
kept  in  other  parts  of  the  world.  Mr.  Daniel  has 
given  us  a  table  for  London  for  three  years.  Dr. 
Heineken  has  marked  the  maximum  and  minimum 
dew  point  at  Funchal  in  Madeira  (about  north 
latitude  32°|)  monthly  for  the  year  1828,  as  follows.* 

Maximum. 

65° 
56 


Rate  of  evaporation. 

0-1454 
0-2746 
0*2249 
0-2143 
0-1666 
00782 
0-0598 
-0-0253 
0-0568 
0-0720 


January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 


65 

63 

69 

70 

72 

73 

75 

74 

72-5 

67 


Minim. 

50° 

Rain  in  inches. 

4-08 

50 

1-64 

48 

1-68 

45 

3-35 

51 

2-14 

54 

0-21 

61 

o-io 

63 

0 

69 

1-39 

56 

0 

54 

2-56 

50 

0-52 

17-67 

Brewster's  Journal  (new  series),  i.  34. 
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We  see  that  the  quantity  of  rain  has  no  relation  Sect-  ni- 
to  the  height  of  the  dew  point.  The  year  was 
uncommonly  dry.  The  rain  in  1825  was  20*43 
inches;  in  1826,  43-35  inches;  in  1827,  18-15 
inches.  The  mean  temperature  of  Madeira  is, 
according  to  Dr.  Heineken,  66-°3.* 

8.  The  property  which  water  has  of  evaporating 
spontaneously  at  all  temperatures,  is  one  of  thesP°nta- 

1  *  neous  e 

most  important  in  the  whole  economy  of  nature,  portion. 
For  upon  it  the  growth  of  plants,  and  the  existence 
of  living  creatures  upon  the  earth,  depends.  The 
vapours  thus  continually  rising,  not  merely  from  the 
surface  of  the  sea,  lakes,  and  rivers,  but  also  from 
the  dry  land,  are  again  condensed  and  fall  in  the 
state  of  rain  and  dew.  The  rain  penetrates  into 
the  earth,  and  makes  its  way  out  again  in  springs. 
These  collecting  together  constitute  rivers,  which 
making  their  way  to  the  sea,  afford  the  means  of 
living  and  enjoyment  to  numerous  tribes  and  lan- 
guages which  occupy  their  banks.  Let  us  suppose 
for  a  moment  that  this  spontaneous  evaporation 
were  to  cease,  and  let  us  contemplate  the  conse- 
quences. No  more  rain  or  dew  could  fall,  the 
springs  would  cease  to  flow,  the  rivers  would  be 
dried  up ;  the  whole  water  in  the  globe  would  be 
accumulated  in  the  ocean ;  the  earth  would  become 
dry  and  parched;  vegetables  being  deprived  of 
moisture,  could  no  longer  continue  to  grow ;  the 
cattle  and  beasts  of  every  kind  would  lack  their 
usual  food ;  man  himself  would  perish  ;  the  earth 

*  firewater's  Journal  (new  series),  i.  41. 
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chap.  in.  would  become  a  dull,  inanimate,  steril  mass,  with- 
~~  out  any  vegetables  to  embellish  its  surface,  or  any 
living   creature   to   wander   through    its   frightful 
deserts. 

If  the  atmosphere  contained  no  vapour  whatever, 
the  annual  evaporation  from  the  surface  of  water 
could  easily  be  determined  from  the  data  already 
stated  in  this  section,  provided  we  were  acquainted 
with  the  mean  temperature  of  the  place.  But  as 
the  atmosphere  is  never  free  from  vapour,  we  must 
either  determine  the  mean  quantity  present  by 
trial,  or  determine  the  actual  evaporation  by  expe- 
riment. Now  as  far  as  evaporation  is  concerned, 
the  surface  of  the  globe  presents  three  principal 
varieties ;  namely,  water,  ground  covered  with 
grass  or  other  vegetables,  and  bare  soil. 
S^rom  Dr.  Dobson  made  a  set  of  experiments  during 
water-  the  years  1772,  1773,  1774,  and  1775,  to  determine 
the  evaporation  from  the  surface  of  water  at  Liver- 
pool during  these  years.  He  took  a  cylindrical 
vessel  of  12  inches  diameter,  and  having  nearly 
filled  it  with  water,  exposed  it  beside  a  rain  gauge  of 
the  same  aperture,  and  by  adding  water,  or  remov- 
ing it  occasionally,  he  kept  the  surface  at  nearly 
the  same  height.  By  carefully  registering  the 
quantities  added  or  taken  away,  and  comparing 
them  with  the  rain  that  fell,  the  amount  of  evapora- 
tion was  ascertained.  The  mean  annual  evapora- 
tion from  thesurface  of  water  at  Liverpool  amounted 
to  36-78  inches.  The  mean  annual  fall  of  rain  at 
Liverpool,  as  ascertained  by  Dr.  Dobson,  is  (with- 
out reckoning  the  dew)  37'48  inches.  We  see  at 
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once  from  this  that  more  rain  falls  at  Liverpool  Sect.  in. 
than    can  be  accounted   for  by  the   evaporation. 
Consequently  there  must  be  a  supply  of  vapour  from 
the  sea,  and  probably  from  the  warmer  regions  of 
the  globe.* 

A  set  of  experiments  upon  the  evaporation  from  from  Mn. 
ground  covered  with  vegetables  and  from  bare  soil 
was  made  by  Mr.  Thomas  Hoyle  and  Mr.  Dalton, 
at  Manchester,  during  the  years  1796,  1797*  and 
1798.  They  got  a  cylindrical  vessel  of  tinned  iron 
ten  inches  in  diameter,  and  three  feet  deep.  There 
were  inserted  into  it  two  pipes  turned  downwards 
for  the  water  to  run  off  from  it  into  bottles.  One 
of  these  pipes  was  near  the  bottom  of  the  vessel, 
the  other  was  an  inch  from  the  top.  This  vessel 
was  filled  up  for  a  few  inches  with  gravel  and  sand, 
and  all  the  rest  of  it  with  good  fresh  soil.  It  was 
then  put  into  a  hole  in  the  ground,  and  the  space 
around  filled  up  with  earth,  except  on  one  side  for 
the  convenience  of  putting  bottles  to  the  two  pipes. 
Water  was  poured  on  to  sadden  the  earth,  and  as 
much  as  would  was  suffered  to  run  through  without 
notice,  by  which  the  earth  might  be  considered  as 
saturated  with  water.  For  some  weeks  the  soil  was 
constantly  above  the  level  of  the  upper  pipe,  but 
latterly  it  was  always  a  little  below  it ;  which  made 
it  impossible  for  any  water  to  run  through  the 
upper  pipe.  For  the  first  year  the  soil  at  top  was 
bare,  but  during  the  last  two  years  it  was  covered 

*  Phil.  Trans.  1777,  p.  244. 
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chap.  in.  with  grass  the  same  as  a  green  field.  Things  being 
~  thus  circumstanced,  a  regular  register  was  kept  of 
the  quantity  of  rain  water  that  ran  off  from  the 
surface  of  the  earth  by  the  upper  pipe  (while  that 
took  place),  and  also  of  the  quantity  which  sunk 
down  through  the  three  feet  of  earth,  and  ran  out 
through  the  lower  pipe.  A  rain  gauge  of  the  same 
diameter  was  kept  close  by  to  find  the  quantity  of 
rain  for  any  corresponding  time.  By  this  apparatus 
the  quantity  evaporated  from  the  earth  in  the  vessel 
during  three  years  was  ascertained.  The  annual 
evaporation  was  25-158  inches.  Now  if  to  the  rain 
we  add  5  inches  for  dew  (not  reckoned  in  Mr. 
Dalton's  observations),  it  follows  that  the  mean 
annual  evaporation  from  earth  at  Manchester 
amounts  to  30  inches.  It  follows,  likewise,  from 
these  observations  of  Dalton  and  Hoyle,  that  there 
is  but  little  difference  between  the  evaporation  from 
green  soil  and  bare  soil.  For  the  evaporation  during 
the  first  year,  when  the  soil  in  the  vessel  was  bare, 
differed  but  little  from  that  of  the  two  following 
years  when  it  was  covered  with  grass.* 

The  mean  annual  evaporation  at  Glasgow  may 
be  estimated  from  the  table  which  has  been  inserted 
in  page  257  of  this  work.  The  mean  elasticity  of 
the  vapour  evaporated  is  0*1283  inch.  And  it  is 
probable  that  the  elasticity  for  March  and  April, 
the  two  months  not  given,  will  not  deviate  much 
from  the  annual  mean.  Now  0*1283  is  the  elasti- 

*  Manchester  Memoirs,  1st  series,  v.  p.  360. 
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city  of  the  vapour  of  water  at  the  temperature  of  Sect.  in. 
20°.  From  Mr.  Dalton's  table  inserted  in  page  245 
it  may  be  estimated  that  at  the  temperature  of  20° 
a  circular  vessel  of  water,  6  inches  in  diameter,  if 
exposed  to  a  perfectly  dry  atmosphere,  would  lose 
per  minute  0*44  grain  of  its  weight  by  evaporation. 
This  in  a  year  would  amount  to  9161  cubic  inches. 
Hence  it  follows  by  a  very  easy  calculation  that  the 
annual  evaporation  at  Glasgow  amounts  to  32'413 
inches. 

I  am  disposed  to  take  32  inches  as  the  mean 
annual  evaporation  all  over  Great  Britain.  It  is 
certainly  less  than  this  in  a  great  part  of  Scotland, 
and  a  portion  of  England.  But  I  am  persuaded 
that  it  exceeds  it  considerably  in  the  south-east  of 
England,  and  probably  also  in  East-Lothian  and  Ber- 
wickshire. Let  us  now  see  how  the  rain  and  dew 
correspond  with  this  evaporation. 

9.  The  quantity  of  rain  which  falls  annually  in 
any  place  is  determined  by  means  of  a  rain  gauge. 
This  is  usually  a  circular  or  square  vessel  having  a 
surface  of  a  determinate  number  of  square  inches. 
It  is  funnel  shaped  below,  and  terminates  in  a  pipe 
which  conducts  the  rain  water  to  a  bottle  or  some 
other  vessel,  where  its  quantity  may  be  accurately 
measured.  This  rain  gauge  is  set  up  in  a  field  at  a 
distance  from  every  thing  that  may  screen  it  or 
have  a  tendency  to  keep  off  the  rain.  When  rain 
falls  it  enters  into  the  vessel  in  proportion  to  the 
size  of  the  surface,  and  being  measured,  and  the 
quantity  divided  by  the  number  of  inches  in  the 
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ChaP- IIL  area  of  the  rain  gauge,  the  quotient  gives  the  depth 
of  rain  which  has  fallen  in  the  place  where  the 
gauge  is  fixed. 

There  have  been  many  disputes  about  the  accu- 
racy of  rain  gauges.  It  has  been  affirmed  that  the 
quantity  of  rain  which  falls  into  them  depends 
entirely  upon  the  wind,  and  that,  therefore,  we 
cannot  know  by  means  of  them  how  much  rain 
falls  in  any  place  unless  they  be  so  constructed 
that  their  surface  shall  always  be  perpendicular  to 
the  wind  that  blows.  But  it  seems  to  me  quite  evi- 
dent, that  if  a  rain  gauge  be  placed  horizontally,  and 
in  a  situation  completely  exposed  on  every  side, 
and  neither  screened  nor  overlooked  by  any  neigh- 
bouring building,  exactly  the  same  proportion  of 
rain  will  fall  into  it  as  on  the  same  area  of  the  sur- 
rounding ground.  Consequently  it  must  (if  the 
rain  which  falls  into  it  all  remain)  give  us  a  correct 
notion  of  the  rain  falling  in  the  place  where  it  is 
situated. 

feiiss8inah?gh  There  is  indeed  a  curious  fact,  first  pointed  out 
ky  Dr.  William  Heberden,  which  has  not  yet  been 
explained  in  a  satisfactory  manner.  He  placed  a 
rain  gauge  on  the  square  part  of  the  roof  of  West- 
minster Abbey,  at  such  a  distance  from  the  western 
towers  as  probably  to  be  little  affected  by  them. 
Another  rain  gauge  was  placed  on  the  top  of  a 
house,  but  considerably  lower  than  the  first;  and 
a  third  rain  gauge  on  the  ground  in  a  garden  belong- 
ing to  the  house.  The  observations  were  continued 
from  July  1766  to  July  17^7?  or  a  year.  The  rain 
water  collected  in  each  rain  gauge  was  as  follows : 
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Top  of  Westminster  Abbey   .          12-099  inches  Sect.  III. 

Top  of  a  house  .         .          18-139 

On  the  ground  .         .         22-608* 

This  observation  has  been  frequently  repeated,  and 
it  has  been  found  to  hold  constantly.  More  rain  is 
always  collected  in  the  lower  than  in  the  upper 
gauge.  This  difference  may  in  some  situations  be 
partly  owing  to  the  lower  gauge  being  screened  from 
the  action  of  the  wind.  Suppose  a  rain  gauge  placed 
at  the  bottom  of  a  high  wall.  Should  the  wind 
blow  from  the  side  of  the  wall  opposite  to  that  at 
the  foot  of  which  the  gauge  is  placed  while  it  rains, 
it  is  obvious  that  when  the  rain  by  sinking  below 
the  top  of  the  wall  is  screened  from  the  wind,  it  will 
fall  perpendicularly  downwards,  whereas  while 
above  the  wall  it  was  driven  obliquely  by  the  wind. 
In  consequence  of  this  change  of  direction  more 
rain  would  fall  into  the  gauge  situated  at  the  bottom 
of  the  wall,  than  into  that  placed  upon  the  top. 
But  this  explanation  will  not  apply  to  the  great 
multitude  of  cases  where  all  the  rain  gauges  are 
equally  exposed  to  the  action  of  the  wind,  and  not 
screened  by  any  higher  building.  It  would  seem, 
therefore,  that  the  quantity  of  rain  increases  at  a 
great  rate  as  we  descend  in  the  atmosphere. 

The  annual  quantity  of  rain  is  greatest  at  the 
equator,  and  gradually  diminishes  as  we  approach 
the  pole.  This  will  be  evident  from  the  following 
little  table,  showing  the  annual  depth  of  rain  in 
different  latitudes. 

*  Phil.  Trans.  1769,  p.  359. 
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Lat.  N.  Fall  of  rain. 

Chap- I1L          Granada  .12  .  126  inches. 

Cape  Francois  19o  46'  .  120 

Calcutta  .  22  23  .  81 

Rome     .  .  41  54  .  39 

England  .  50  to  55  .  31 

Petersburg  .  59   16  .  16 

Uleaborg  .  65     1  .  13| 

Number  of      On  the  contrary,  the  number  of  rainy  days  is 

rainy  days.  J '  _  .  J          J  . 

smallest  at  the  equator,  and  increases  in  proportion 
to  the  distance  from  it.  From  north  latitude  12° 
to  43°  the  mean  number  of  rainy  days  is  78. 

From  43°  to  46°  the  mean  number  is  103 

46°       50°         do.         do.  134 

50°       60°         do.         do.  161 

It  is  obvious  from  this  that  the  rain  falls  in  very 
heavy  showers  in  warm  climates,  and  that  it  becomes 
more  and  more  gentle  as  we  advance  towards  the 
pole.  Consequently  in  hot  climates  the  air  must 
be  much  less  loaded  with  moisture,  and  the  rate  of 
evaporation  much  greater  than  in  cold  climates. 
For  when  rain  falls  very  heavy  a  great  portion  of 
it  runs  off  by  the  surface,  and  flows  into  the  sea. 
But  this  happens  to  a  much  less  extent  when  the 
fall  of  rain  is  more  gentle. 

Grea/Bri  ^ut  ^nsteac^  °^  attempting  to  compare  the  quan- 
tum, fay  of  rain  and  evaporation  over  the  whole  surface 
of  the  globe,  for  which  we  have  not  sufficient  data, 
let  us  confine  ourselves  to  Great  Britain.  The 
annual  evaporation  for  Great  Britain  is  probably 
about  3%  inches.  The  following  table  exhibits  the 
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mean  annual  fall  of  rain  in  different  places  in  Great  sect.  in. 
Britain. 

Manchester    .         .         .       '  .'^      Tv  36*140  inches 

Liverpool       ....       (V  34-119 

Chatsworth 27-664 

Lancaster 39-714 

Kendal  .         .         .  .  53-944 

Dumfries 36-919 

Glasgow 21-331 

Edinburgh     .....  24*5  nearly 
Kinfatms  Castle,  near  Perth, 

(1)  On  a  hill,  600  feet  above  the  sea  39-61  feet 

(2)  In  the  garden,  20  feet  do.       .  25-19 

(3)  On  Kinfauns  castle,  129  feet  do.  20-76 
London     .      .        -V        .         .      ;  .V  23-10 
Mean           .  .'        .     p  .'        .         .  31-882 

But  I  have  not  inserted  the  mean  rain  at  many 
places  where  it  is  very  considerable.  At  Plymouth, 
for  instance,  it  is  not  less  than  44  inches.  The  annual 
fall  in  the  Stockey  muir,  about  12  miles  from 
Glasgow,  is  about  42-6  inches,  at  Largs  about  43? 
inches,  and  at  Gordon  Castle  about  29*3  inches.  I 
think,  therefore,  that  (including  the  dew)  the  mean 
fall  of  rain  over  all  Great  Britain  cannot  be  esti- 
mated at  less  than  36  inches. 

If  this  estimate  be  a  near  approximation  to  the  Excess 

* A  .  above  eva- 

truthj  the  evaporation  is  less  than  the  rain  by  about 
4  inches.  This  excess  must  be  supplied  from  the 
neighbouring  seas.  The  4  inches  of  rain  not  again 
elevated  in  the  state  of  vapour  must  be  annually 
carried  into  the  sea  by  means  of  the  different  rivers. 
Now  a  quantity  of  water  which  would  cover  the 


268 


OF  VAPORIZATION. 


ChaP- IIL  whole  surface  of  Great  Britain  to  the  depth  of  4 
inches  (supposing  that  surface  level)  would  amount 
to  1,238,784,152,000,000  cubic  inches,  which  is 
equal  to  4,467,7^5,610,767  imperial  gallons,  or 
17>729>069,884  tons,  supposing  the  ton  to  contain 
252  imperial  gallons.* 

Let  us  compare  this  with  the  quantity  of  water 
actually  conveyed  to  the  sea  by  some  of  the  prin- 
cipal rivers  in  Great  Britain. 

watertiny°f  ^^e  breadth  of  the  Clyde  at  the  New  Bridge, 
the  ciyde.  Glasgow,  is  410  feet,  and  its  mean  depth  3g  feet. 
The  velocity  of  the  water  at  the  surface  is  1*23 
inches,  and  the  mean  velocity  of  the  whole  water  is 
0*558,132  inch  per  second.  From  these  data  it 
may  be  inferred  that  the  quantity  of  water  dis- 
charged per  second  is  76!  cubic  feet.  This  amounts 
to  2,417,760,000  cubic  feet,  or  473,017,448  impe- 
rial gallons,  or  1,877,053  tons.  The  river  Clyde 
drains  about  -j^th  of  Scotland,  or  about  ^d  part  of 
Great  Britain.  Hence  if  the  water  discharged 
into  the  sea  by  the  Clyde  afforded  a  fair  average  of 
the  whole  island,  the  total  amount  of  the  water 
discharged  annually  by  all  the  rivers  in  Great 
Britain  would  be  only  155,795,399  tons,  which  does 
not  amount  to  one  hundredth  part  of  the  excess  of 
the  rain  above  the  evaporation. 

But  there  are  two  circumstances  which  serve  in 
some  measure  to  account  for  the  enormous  differ- 
ence between  the  two  quantities.  The  water  dis- 

*  In  making  this  calculation  I  have  supposed  the  area  of  Great 
Britain  to  be  77,244  square  miles. 
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charged  by  the  Clyde  was  determined  in  summer,  sect. .in. 
when  the  river  is  always  much  smaller  than  during 
winter.  It  is  therefore  considerably  under  the  real 
quantity,  though  I  have  not  data  to  determine  how 
much.  The  district  drained  by  the  Clyde  is  not 
nearly  so  rainy  as  many  other  tracts  both  in  England 
and  Scotland.  Hence  the  water  which  it  discharges 
should  be  less  than  the  average  for  Great  Britain. 
To  this  may  be  added  that  the  size  of  the  tract  of 
country  drained  by  the  Clyde  is  somewhat  arbitra- 
rily estimated  at  ^th  of  Scotland.  The  want  of 
good  maps  makes  it  very  difficult  to  determine  how 
much  it  is  in  reality. 

If  our  estimate  of  the  difference  between  rain 
and  evaporation  be  an  approximation  to  the  truth, 
it  follows  that  ^th  of  all  the  rain  that  falls  is  raised 
by  evaporation  from  the  sea.  This  is  one  of  the 
reasons  why  the  most  rain  falls  on  the  west  coast  of 
Great  Britain  when  the  wind  blows  from  the  south- 
west and  west,  and  most  upon  the  east  coast  when 
it  blows  from  the  east.  As  the  west  wind  blows 
for  a  much  longer  period  of  the  year  than  the  east 
wind,  more  rain  falls  on  the  west  than  the  east 
coast  of  Great  Britain.  Glasgow,  which  is  an  inland 
city  and  at  some  distance  from  the  mountains,  is 
drier  than  Edinburgh,  which  is  more  contiguous  to 
the  eastern  ocean,  and  much  drier  than  Greenock  or 
Largs,  which  are  contiguous  to  the  western  ocean. 

10.  While  the  moisture  present  in  the  atmosphere 
continues  in  the  state  of  vapour  it  is  perfectly 
transparent  and  colourless  ;  or  at  least  it  only  com- 
municates to  the  sky  that  lively  blue  colour  which 
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chap.  in.  we  observe  it  to  possess  when  the  atmosphere  is 
Blue  colour  loaded  with  vapour.  This  colour  seems  owing  to 
of  the  sky.  t^e  pr0pertv  wnich  vapour  has  of  absorbing  the 

least  refrangible  rays  of  light,  and  transmitting  only 
the  most  refrangible.  For  it  is  well  known  that  the 
aspect  of  the  sky  becomes  darker  and  darker  in 
proportion  as  we  ascend  in  it ;  and  when  we  get  to 
such  a  height  that  all  the  aqueous  vapour  is  left 
below  us  the  sky  appears  to  the  eye  perfectly  black. 
This  is  the  aspect  which  it  has  from  the  top  of 
Mont  Blanc,  as  described  by  Saussure,  and  likewise 
from  the  summits  of  the  Andes. 

But  though  the  presence  of  vapours  cannot  be 
detected  in  the  atmosphere  by  their  colour,  yet  we 
can  easily  judge  when  the  air  is  loaded  with  them ; 
because  we  can  see  to  a  much  greater  distance,  and 
the  outline  of  the  distant  mountains  is  much  more 
distinct  than  when  the  air  is  dry.  In  this  country 
it  is  a  comparatively  rare  thing  to  see  the  sky  per. 
ciouds.  fectly  transparent.  Much  more  frequently  the 
vapour  assumes  a  visible  form,  or  becomes  that 
opaque  fleecy  looking  matter  which  we  denominate 
a  cloud.  Sometimes  these  clouds  are  very  high, 
>  very  thin,  and  very  small  in  size.  At  other  times 
they  sink  lower  down  and  envelope  the 'whole  face 
of  the  sky.  Sometimes  two  or  even  three  layers  of 
clouds  can  be  seen  at  different  heights  above  each 
other.  Whenever  this  happens,  one  of  the  layers  is 
moving  with  more  velocity  than  the  others,  or  we 
observe  one  layer  moving  in  one  direction,  and 
another  in  a  different  one.  Sometimes  these  clouds 
sink  down  to  the  very  surface  of  the  earth  and 
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envelope  it,  in  which  case  they  are  known  by  the  Sect.  m. 
name  of  mists  or  fogs* 

There  seems  little  reason  to  doubt  that  the  cause  *J ow  form- 

ed. 

to  which  Dr.  Hutton  ascribed  the  formation  of  rain, 
is  in  reality  the  cause  of  the  formation  of  clouds. 
Dr.  Hutton  showed,  by  experiment,  that  when  air 
of  different  temperatures,  each  containing  as  much 
vapour  as  is  compatible  with  the  temperature,  are 
mixed  together,  a  precipitation  of  moisture  always 
takes  place.  A  simple  inspection  of  the  table  of 
the  force  of  vapour  given  in  page  245  will  be  suffi- 
cient to  satisfy  us  that  this  must  always  be  the  case. 

The  force  of  vapour  at  40°  is  0-26  inch. 

do.  do.  60°  is  0*52 

The  mean  of  which  is  0'39 

But  the  force  of  vapour  at  50°  is  0-36 

Now  since  0-36  is  less  than  0*39,  it  is  clear  that 
whenever  two  such  strata  are  mixed,  a  precipitation 
of  moisture  must  always  take  place.  Again 

The  force  of  vapour  at  60°  is  0'52  inch. 

do.  do.  80°  is  1-01 

The  mean  of  which  is  0'76 

But  the  force  of  vapour  at  70°  is  only  0-726 

showing  clearly  that  when  air  at  60°  and  80°,  each 
saturated  with  moisture,  are  mixed,  moisture  must 
be  precipitated. 

Now  whenever  moisture  is  precipitated  from  air, 
in  consequence  of  the  mixture  of  air  of  different 
temperatures,  this  precipitated  moisture  always 
assumes  the  appearance  of  a  cloud  or  mist.  We 
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chap.  in.  have  a  good  example  in  the  cloud  formed  when 
steam  issues  from  the  spout  of  a  boiling  tea-kettle. 
The  steam  has  the  temperature  of  212°,  and  we 
shall  suppose  the  air  at  60°,  and  saturated  with 
moisture. 

Force  of  vapour  at  60°  is     0-52  inch 

Do.         do.         2 12°  is  30 
The  mean  of  which  is          15'26 

But  the  force  of  vapour  at  136°,  the  intermediate 
temperature,  is  only  5-14  inches.  Hence  a  great 
proportion  of  the  vapour,  must  be  precipitated. 
But  this  precipitated  vapour,  instead  of  assuming 
the  form  of  drops  of  water,  which  one  would  have 
expected,  is  converted  into  a  cloud  or  mist. 

Now  mist  or  a  cloud  consists  not  of  solid  drops  ; 
but  of  a  multitude  of  very  thin  vesicles  of  water, 
enclosing  some  aerial  substance  within  them,  similar 
to  the  vesicles  usually  blown  from  soap  suds.  That 
this  is  the  structure  of  clouds  and  mists  was  affirmed 
by  Derham  and  others,  his  contemporaries.  Der- 
ham  informs  us,  that  he  examined  them  by  means 
of  a  microscope,  and  found  them  to  be  vesicles.* 
Indeed.the  vesicular  structure  is  obvious  from  the 
circumstance  of  clouds  continuing  elevated  at  a 
considerable  height  in  the  atmosphere,  and  that 
fogs  may  be  often  seen  elevating  themselves  up  the 
sides  of  mountains.  If  clouds  or  fogs  consisted  of 
round  drops,  their  precipitation  would  be  rapid. 
For  a  drop  whose  diameter  amounted  to  yoWth  of 
an  inch  would  acquire  a  velocity  of  nine  or  ten  feet 

*  Derham's  Physico-Theology,  p.  48. 
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per  second.  Whereas  we  see  clouds  hover  at  a  Sect.  m. 
small  elevation  for  hours,  and  they  can  in  conse- 
quence be  transported  from  the  sea,  lake,  river,  or 
marsh,  from  which  they  are  raised,  far  into  the 
country  or  to  the  tops  of  mountains,  where  the 
requisite  supply  of  moisture  cannot  be  had  any 
other  way. 

M.  de  Saussure,  senior,  while  travelling  in  the 


composed  of 

Alps  happened  to  be  enveloped  in  a  mist  which  vehicles. 
was  almost  stagnant.  He  was  astonished  at  the 
size  of  the  drops,  as  he  thought  them,  and  at  seeing 
them  floating  slowly  past  him  without  falling  to  the 
ground.  Some  of  them  were  larger  than  the  largest 
peas.  Catching  them  in  his  hand  he  found  them 
to  be  bladders,  inconceivably  thin,  and  he  found 
upon  examination  that  they  all  had  this  structure* 
Indeed  the  optical  phenomena  exhibited  by  clouds 
and  mists,  show  clearly  that  they  are  of  a  vesicular 
structure.  If  clouds  were  composed  of  drops  they 
would  exhibit  a  rainbow  every  time  the  sun  shone 
upon  them,  supposing  the  spectator  placed  between 
the  sun  and  the  cloud.  No  such  appearance,  how- 
ever, ever  takes  place.  But  every  person  must 
have  observed  the  halos  which  are  formed  when  a 
portion  of  fog  is  interposed  between  our  eye  and 
the  sun  or  moon.  The  same  halo  may  be  perceived 
when  the  cloud  formed  by  the  mixture  of  steam 
and  air  is  interposed  between  our  eye  and  a  candle 
or  the  sun.  According  to  the  measurements  of  De 
Saussure,  the  diameter  of  the  smallest  of  the 
vesicles,  of  which  clouds  are  usually  composed,  is 

I.  T 
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chap.  in.  about  ^22*  and  of  the  greatest  about  ^Vo   of  an 
English  inch. 

But  though  there  is  no  doubt  that  clouds  consist 
of  a  congeries  of  vesicles,  we  have  no  conception  of 
the  way  in  which  these  vesicles  are  formed.  Nor 
is  it  easy  to  conceive  why  these  vesicles  are  some- 
times lighter  than  air,  sometimes  a  little  heavier, 
and  sometimes  exactly  of  the  same  specific  gravity 
with  the  air  in  which  they  float.  Indeed  if  the 
aerial  matter  with  which  these  vesicles  are  filled 
were  saturated  with  moisture,  while  the  air  in  which 
they  float  is  dry,  we  would  see  a  reason  why  they 
should  be  lighter  than  air.  On  such  a  supposition 
the  clouds  should  rapidly  disappear.  Accordingly 
we  generally  find  that  when  clouds  rise  in  the  atmo- 
sphere they  speedily  diminish  in  size  and  at  last 
vanish  away ;  being  gradually  converted  again 
into  vapour.  If  the  air  within  the  vesicles  were  in 
the  same  state  with  respect  to  moisture  as  the  air 
in  which  the  cloud  floats,  the  vesicles  should  be 
heavier  than  air,  and  constitute  what  we  distinguish 
by  the  name  of  fogs. 

The  most  probable  cause  of  the  difference  of 
gravity  between  clouds  and  the  air  in  which  they 
float  is  a  difference  in  their  temperature  from 
that  of  the  surrounding  medium.  The  formation 
of  clouds  seems  to  be  connected  with  electricity, 
though  in  what  way  the  vesicular  form  is  induced 
by  electricity,  we  have  no  conception.  The  vesicles 
seem  to  be,  all  charged  with  the  same  kind  of  elec- 
tricity. This  causes  them  to  repel  each  other,  and 
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of  course  prevents  them  from  uniting  into  drops  of  Sect.  in. 
rain. 

Clouds  then  are  formed  whenever  two  strata  of 
air  of  different  temperatures,  and  each  saturated 
with  moisture,  are  mixed  together.  The  sky  in  this 
country  is  usually  much  freer  from  clouds  when 
the  wind  blows  from  the  east  than  when  it  blows 
from  the  west.  Because  the  temperature  of  the 
east  wind  being  low,  there  is  less  chance  during  its 
continuance  of  strata  of  different  temperatures  mix- 
ing together.  The  comparatively  high  tempera- 
ture of  the  west  wind  renders  the  chance  of  an 
intermixture  of  air  of  different  temperatures  during 
its  continuance  much  greater.  Should  a  west  wind 
blow  in  the  upper  regions  of  the  atmosphere,  while 
an  east  wind  blows  near  the  earth,  the  whole  sky 
would  become  clouded,  because  the  contiguous 
portions  of  the  two  strata  mixing  together  would 
occasion  a  deposition  of  moisture. 

11.    The   formation  of  rain  is  still  involved  in  Formation 

of  rain. 

impenetrable  obscurity.  Rain  never  falls  in  this 
country  unless  the  sky  be  cloudy,  and  unless  that 
peculiar  kind  of  dense  black  cloud  appear  well 
known  by  the  name  of  rain  cloud.  Whenever  the 
particles  constituting  clouds  lose  their  vesicular 
form  and  unite  together  in  drops,  rain  falls.  This 
change  is  probably  connected  with  some  electrical 
phenomena  which  are  not  yet  understood.  Clouds 
are  attracted  by  mountains,  and  more  rain  falls  in 
mountainous  districts  than  in  any  other.  We  can 
conceive  the  mountain  in  the  opposite  electrical 
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ChaP- IIL  state  from  the  cloud.  This  would  account  for  the 
attraction.  When  the  cloud  came  close  to  the 
mountain  its  electricity  would  be  abstracted,  and 
the  vesicles  in  consequence  might  collapse  into 
drops. 

NO  ram^ui  12.  In  that  part  of  Peru  called  Valles,  which  lies 
on  the  north  and  south  side  of  Lima,  in  south  lati- 
tude 12°,  bounded  on  the  east  by  the  Andes,  and 
on  the  west  by  the  Pacific  Ocean,  it  never  rains  at 
all.  But  during  winter  the  earth  is  covered  with 
so  thick  a  fog  as  to  intercept  the  rays  of  the  sun. 
This  fog  appears  almost  every  day  during  winter 
with  a  density  that  obscures  objects  at  any  distance. 
About  10  or  11  o'clock  it  begins  to  rise,  but  with- 
out being  totally  dispersed ;  though  it  is  then  no 
impediment  to  the  sight,  intercepting  only  the 
direct  rays  of  the  sun  by  day,  and  that  of  the  stars 
by  night.  Sometimes  it  is  so  far  dispersed  that  the 
disc  of  the  sun  becomes  visible,  but  the  heat  from 
his  rays  is  still  precluded.  In  the  winter  season 
these  vapours  dissolve  into  a  very  small  mist  or 
dew,  which  they  call  garua,  and  thus  every  where 
moisten  the  earth.  These  garuas  never  fall  in 
quantities  sufficient  to  damage  the  roads  or  incom- 
mode the  traveller  ;  but  they  render  the  most  arid 
and  barren  parts  fertile.  They  convert  the  dis- 
agreeable dust  in  the  streets  of  Lima  into  mud. 

Now  in  that  country  the  wind  always  blows 
from  the  south ;  that  is  from  a  colder  to  a  warmer 
region.  Sometimes  it  veers  a  point  or  two  to  the 
east.  But  it  always  blows  between  the  south  and 
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south-east.     When  the  fogs  come  on  the  south  wind  Sect- 
is  barely  felt,  and  a  scarcely  perceptible  air  seems 
to  come  from  the  north,  which  forms  the  fog.* 

The  obvious  reason  why  it  never  rains  in  that 
country  is  that  the  wind  constantly  blows  from  a 
colder  to  a  hotter  part  of  the  world.  We  see  also 
the  cause  of  the  fogs.  They  are  occasioned  by  the 
mixture  of  the  hot  air  from  the  north  with  the 
colder  air  from  the  south. 

Rain  is  produced  by  irregular  winds.  If  the 
winds  were  always  to  blow  steadily  in  the  same 
direction  no  rain  whatever  would  fall. 

When  a  country  is  quite  flat,  as  is  the  case  with 

.  .11  11  i  rains  in 

Egypt,  it  seldom  rains,  although  the  winds  are  not  Egypt. 
quite  steady.  In  Egypt  it  very  seldom  rains. 
During  June,  July,  August,  and  part  of  Septem- 
ber, the  wind  blows  from  the  north.  During  the 
latter  part  of  September  it  blows  from  the  east. 
The  winds  are  most  variable  about  the  winter 
solstice.  From  that  to  March  they  are  mostly 
southerly.! 

The  heavy  rains  that  fall  in  India  always  take 
place  during  the  shifting  of  the  monsoons,  and 
while  they  last  the  winds  are  always  variable.  Even 
in  this  country  steady  dry  weather  is  always  accom- 
panied by  a  steady  direction  of  the  wind,  whereas 
in  rainy  weather  the  winds  are  unsteady  and 
variable. 

These  facts  are  sufficient  to  show  the  connexion  Rain  owing 
of  rain  with  the  variable  nature  of  the  winds.  winds!*1 

*  See  Ulloa's  Voyage,  vol.  ii.         f  See  Volney's  Travels. 
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Chap.  iv.  BY  ignition  (perhaps  the  word  incandescence  would 
~~  answer  better)  is  meant  a  property  which  bodies 
possess  of  giving  out  light  whenever  their  tempera- 
ture  is  raised  to  a  certain  point.  When  a  body  is 
heated  up  to  the  temperature  of  incandescence  we 
say  in  common  language  that  it  is  red  hot. 

1.  There  is  reason  to  believe  that  all  bodies 
(susceptible  of  the  property)  become  red  hot  at 
exactly  the  same  temperature.  But  the  exact  point 
of  incandescence  has  not  been  determined.  There 
are  two  reasons  for  this.  1.  It  is  higher  than  the 
range  of  a  mercurial  thermometer.  Consequently 
we  are  not  in  possession  of  an  instrument  capable 
of  measuring  it  with  precision.  2.  But  even  if  we 
had  such  an  instrument,  it  would  not  be  easy  to 
determine  the  point  of  incandescence,  because  that 
point  is  not  well  defined.  We  depend  upon  the 
acuteness  of  our  sight  to  inform  us  of  the  beginning 
of  ignition.  Now  we  are  not  sure  that  we  can  per- 
ceive the  very  weakest  light.  The  presumption  is 
rather  the  contrary,  as  we  know  that  other  animals 
see  objects  in  such  weak  light,  as  appears  to  us  to 
be  darkness.  And  even  our  eyes  will  in  one  con- 
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dition  be  affected  by  a  weak  light  to  which  they  chap.  iv. 
are  insensible  at  another  time. 

Sir  Isaac  Newton  calculated  the  temperature  BtJjJJwf'. 
which  a  piece  of  iron  begins  to  shine  in  the  dark  hot  at  800°- 
to  be  635°.     He  supposed  that  the  heat  lost  by 
such  an  iron,  when  suspended  in  a  cold  room  in  a 
given  time,  was  always  proportional  to  the  excess 
of  its  heat  above  that  of  the  surrounding  medium. 
He  measured  the  time  which  elapsed  while  the  iron 
was  cooling  from  a  red  heat  till  it  became  cold 
enough  to  bear  the  application  of  a  thermometer, 
and  then  observed  the  rate  of  its  cooling  till  it 
reached  the  temperature  of  the  room.     This  ena- 
bled him  to  calculate  what  the  original  temperature 
of  the  iron  had  been.     But  this  law  of  Newton, 
though  very  plausible  and  seducing,  is  very  differ- 
ent from  the  real  law  of  cooling.     We  are  sure 
that  the  lowest  point  of  ignition  is  higher  than  633°. 
For  the  boiling  point  of  mercury  is  662°,  and  boil- 
ing mercury  is  quite  invisible  in  the  dark.     Mr. 
Daniel  measured,  by  means  of  his  metallic  pyrome- 
ter, the  lowest  point  at  which  a  heated  iron  appears 
red  hot  in  day  light,  and  found  it  980°  Fahrenheit. 
But  this  must  be  a  good  deal  higher  than  the  point 
of  ignition  of  the  same  iron  in  the  dark.  Antimony, 
when  heated  to  the  melting  point,   appears  visibly 
red  hot  in  the  dark.   Now  Dr.  Cromwell  Mortimer 
found  the  melting  point  of  this  metal  to  be  810°. 
From  an  experiment  by  Sir  H.  Davy  it  appears  that 
fusible  metal  becomes  luminous  when  heated  to  the 
temperature  of  812°.*  The  point  of  ignition  then  is 

*  Phil.  Trans.  1817,  p.  53. 
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chap.  iv.  even  lower  than  810°.  We  cannot  err  very  far  if 
~  we  place  the  commencement  of  ignition  at  800°,  or 
between  750°  and  800°.  Mr.  Princep  has  deter- 
mined,  by  means  of  an  air  thermometer,  that  a  full 
red  heat  indicates  a  temperature  of  1200°.  And 
what  he  calls  an  orange  heat,  a  temperature  of 
1650°. 

From  the  experiments  of  Mr.  Thomas  Wedge- 
wood  we  have  reason  to  conclude  that  all  bodies 
susceptible  of  the  requisite  temperature  become 
red  hot  at  exactly  the  same  point.  Wood  and  most 
liquids  cannot  be  made  luminous  by  heat,  because 
they  are  dissipated  long  before  they  reach  the 
requisite  temperature,  But  metals,  stones,  and 
earthy  bodies,  can  all  be  heated  to  redness. 

Gases  d«         There  is,  however,  one  remarkable  exception  to 

not  become 

red  hot.  this.  It  does  not  appear  that  the  gases  become 
luminous  even  at  a  much  higher  temperature.  The 
following  ingenious  experiment  of  Mr.  T.  Wedge- 
wood  seems  to  set  the  truth  of  this  exception  in  a 
very  clear  point  of  view.  He  took  an  earthen 
ware  tube,  bent  so  in  the  middle  that  it  could  be 
sunk,  and  make  several  turns  in  a  large  crucible, 
which  was  filled  with  sand.  To  one  end  of  this 
tube  was  fixed  a  pair  of  bellows  ;  at  the  other  end 
was  a  globular  vessel,  in  which  was  a  passage,  fur- 
nished with  a  valve  to  allow  air  to  pass  out,  but 
none  to  enter.  There  was  another  opening  in  this 
globular  vessel  filled  with  glass,  that  one  might  see 
what  was  going  on  within.  The  crucible  was  put 
into  a  fire  ;  and  after  the  sand  had  become  red  hot, 
air  was  blown  through  the  earthen  tube  by  means 
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of  the  bellows.  This  air,  after  passing  through  the  Ch«p-  iv. 
red  hot  sand,  came  into  the  globular  vessel.  It  did 
not  shine  ;  but  when  a  piece  of  gold  wire  was  hung 
at  that  part  of  the  vessel  where  the  earthen  ware 
tube  entered,  it  became  faintly  luminous  :  a  proof 
that  though  the  air  was  not  luminous,  it  had  been 
hot  enough  to  raise  other  bodies  to  the  shining 
temperature. 

2.  Thus  it  appears  that  whenever  a  body  is  heated 
to  a  certain  point  (about  800°)  it  immediately  begins 
to  emit  light.  On  the  other  hand,  whenever  light 
is  concentrated  upon  the  surface  of  opaque  bodies 
they  always  become  hot.  Indeed  all  opaque 
bodies  become  hotter  when  they  are  exposed  to  the 
direct  rays  of  the  sun.  The  degree  of  heat  induced 
is  influenced  by  the  colour  of  the  body  ;  for  black 
bodies,  ceteris  paribus,  acquire  the  most,  and  white 
bodies  the  least  heat.  When  the  colour  of  a  body 
is  neither  white  nor  black,  the  degree  of  heat 
induced  is  proportional'to  the  depth  of  the  shade. 
Supposing  the  shades  equal,  blue  is  the  colour  that 
becomes  hottest  next  to  black  ;  green  and  red  fol- 
low next  after  blue  ;  and  yellow  is  next  to  white. 
The  reason  seems  to  be  that  the  intensity  of  these 
colours,  measured  by  depth  of  shade,  is  in  the  order 
in  which  they  have  been  named.  Blue  may  be  so 
intense  as  to  differ  but  little  from  black.  Gadolinite 
has  so  deep  a  shade  of  green  that  to  the  eye  it 
appears  almost  black.  The  same  remark  applies  to 
some  varieties  of  hornblende.  Red  and  yellow  are 
such  lively  colours  that  they  seldom  are  so  deep  as 
to  be  mistaken  for  black. 
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chap.  iv.  The  degree  of  heat  producible  by  the  direct 
Heat  from  rays  of  the  sun  is  not  easily  ascertained  ;  because  it 
rayss.°la  is  apt  to  be  dissipated  as  fast  as  it  accumulates.  M. 
de  Saussure  made  a  little  box  lined  with  fine  dry 
cork,  the  surface  of  which  was  charred  to  make  it 
black  and  spongy,  in  order  that  it  might  absorb  the 
greatest  possible  quantity  of  the  sun's  rays,  and  be 
as  bad  a  conductor  of  caloric  as  possible.  It  was 
covered  with  a  thin  glass  plate.  When  this  box 
was  set  in  the  sun's  rays,  a  thermometer  laid  in  the 
bottom  of  it  rose  in  a  few  minutes  to  221° ;  while 
the  temperature  of  the  atmosphere  was  only  75°.* 
Professor  Robison  constructed  an  apparatus  of  the 
same  kind,  employing  three  very  thin  vessels  of 
flint  glass,  which  transmit  more  heat  than  any 
of  the  other  species  of  glass.  They  were  of  the 
same  shape,  arched  above,  with  an  interval  of  \  inch 
between  them.  They  were  set  on  a  cork  base  pre- 
pared like  Saussure's,  and  placed  on  down  contained 
in  a  pasteboard  cylinder.  With  this  apparatus  the 
thermometer  rose  often  in  a  clear  summer  day  to 
230°,  and  once  to  237°»  Even  when  set  before  a 
bright  fire,  the  thermometer  rose  to  212°.t  But 
when  its  rays  are  concentrated  by  a  burning-glass, 
they  are  capable  of  setting  fire  to  combustibles  with 

*  Voyages  sur  les  Alpes,  ii.  932. 

•j-  Black's  Lectures,  i.  547.  When  the  apparatus  was  carried  to 
a  damp  cellar  before  the  glasses  were  put  in  their  places,  so  that 
the  air  within  was  moist,  the  thermometer  never  rose  above  208°. 
Hence  Dr.  Robison  concluded,  that  moist  air  conducts  better  than 
dry ;  a  conclusion  fully  confirmed  by  the  subsequent  experiments 
of  Count  Rurnford. 
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ease,  and  even  of  producing  a  temperature  at  least  chap.  iv. 
as  great,  if  not  greater,  than  what  can  be  procured 
by  the  most  violent  and  best  conducted  fires.  In 
order  to  produce  this  effect,  however,  they  must  be 
directed  upon  some  body  capable  of  absorbing  and 
retaining  them  ;  for  when  they  are  concentrated 
upon  transparent  bodies,  or  upon  fluids,  mere  air, 
for  instance,  they  produce  little  or  no  effect 
whatever. 

Count  Rumford  has  shown  by  direct  experiment, 
that  the  heating  power  of  the  solar  rays  is  not 
increased  by  concentrating  them  into  a  focus,  but 
that  the  intensity  of  their  action  is  occasioned  by  a 
greater  number  of  them  being  brought  to  bear  upon 
the  same  point  at  once.* 

Lavoisier,  by  means  of  a  powerful  burning-glass, 
not  only  melted  gold,  but  actually  caused  it  to  eva- 
porate. For  a  piece  of  silver  placed  at  some  height 
above  the  gold  was  sensibly  gilded.  The  utmost 
heat  of  a  glass-house  furnace  acting  on  gold  for  a 
month  produced  no  sensible  evaporation  of  that 
metal  whatever. 

Thus  it  appears  that  when  heat  is  accumulated 
in  bodies  to  a  certain  amount  it  causes  them  to 
emit  light,  —  and  that,  on  the  other  hand,  when 
light  is  accumulated  in  them,  it  causes  them  to 
become  hot.  There  is  indeed  one  apparent  excep- 
tion to  this  general  law.  The  light  of  the  moon,  Rays  of  the 

' 

though  concentrated  by  the  most  powerful  burning 
glasses,  is  not  capable  of  raising  the  temperature 

*  Jour,  de  Phys.  Ixi.  32. 


moon  not 
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chap.  iv.  of  the  most  delicate  thermometer.  M.  de  la  Hire 
collected  the  rays  of  the  full  moon  when  in  the 
meridian  by  means  of  a  burning-glass  35  inches  in 
diameter,  and  made  them  fall  upon  the  bulb  of  a 
delicate  air  thermometer.  No  effect  was  produced 
though  the  lunar  rays  by  this  glass  were  concen- 
trated 306  times.*  But  this  is  not  surprising  when 
we  consider  the  prodigious  difference  between  the 
intensity  of  the  solar  and  lunar  rays.  M.  Bouguer, 
by  a  very  simple  and  ingenious  set  of  experiments, 
has  shown  that  the  illuminating  power  of  a  solar 
ray  is  300,000  times  greater  than  that  of  a  lunar 
ray  of  the  same  size.t  Indeed,  we  may  satisfy  our- 
selves by  a  very  simple  calculation  that  this  estimate 
of  Bouguer  is  not  below  the  truth.  During  a  part 
of  every  lunation  we  have  an  opportunity  of  seeing 
the  moon  in  the  sky  at  the  same  time  with  the  sun. 
If  we  compare  the  moon  under  such  circumstances 
with  a  white  cloud,  when  any  such  happen  to  be 
in  its  neighbourhood,  the  brightness  of  the  moon 
and  the  cloud  appear  to  the  eye  very  nearly  identi- 
cal. So  that  the  moon  emits  no  more  light  than  is 
emitted  during  the  day  by  a  white  cloud  of  the 
same  visual  size.  When  the  whole  sky  is  covered 
with  white  clouds  the  direct  rays  of  the  sun  are 
intercepted  ;  but  the  light  of  the  day  is  very  nearly 
the  same  as  if  the  sky  were  unclouded  and  the  sun 
shining.  It  follows  from  this  that  the  light  emitted 
by  the  moon  is  to  that  emitted  by  the  sun  as  the 
apparent  size  of  the  moon  to  that  of  the  whole  sky. 

*  Mem.  Paris,  1705,  p.  346.  t  Ibid.  1726,  p.  12. 
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Now  the  moon  when  its  visual  diameter  is  a  maxi-  chap.  iv. 
mum  does  not  cover  one  millionth  part  of  the 
hemisphere  of  the  sky.  But  let  us  take  Bouguer's 
measurement,  and  let  us  admit  that  the  direct  rays 
of  the  sun  are  capable  of  elevating  the  thermometer 
237°.  The  rays  of  the  moon  would  only  possess 
TO  oV  ooth  part  of  this  effect,  or  TgV0th  part  of  a 
degree.  So  that  even  when  concentrated  306 
times  the  effect  would  scarcely  amount  to  ^  of  a 
degree.  But  I  am  satisfied  that  the  light  of  the 
moon  is  at  least  TUO^OOU  °f  times  less  intense  than 
that  of  the  sun,  so  that  their  heating  power,  even 
when  concentrated  306  times,  could  not  amount  to 
so  much  as  ^oth  of  a  degree. 

3.  How  comes  it  that  heat  and  light  are  mutually  why  do 

0  <   heat  and 

disposed  to  produce  each  other?  Various  solutions  light  mutu- 

ally  evolve 

of  this  question  have  been  offered  at  different  times  each  other, 
by  those  philosophers  who  are  fond  of  speculating 
on  such  subjects.  It  was  believed  that  there  exists 
a  mutual  repulsion  between  the  particles  of  light 
and  heat,  and  hence  it  was  inferred  that  the  accu- 
mulation of  either  would  occasion  the  expulsion  of 
the  other.  And  this  was  offered  as  a  sufficient 
explanation  of  the  phenomena.  But  when  we  exa- 
mine appearances  somewhat  closely  they  afford  but 
little  to  induce  us  to  adopt  such  an  opinion  ;  if  they 
be  not  (as  1  think  they  are)  directly  inconsistent 
with  it. 

The  quantity  of  light  given  out  by  bodies  always 
increases  with  the  temperature.  At  first  it  is  very 
feeble,  then  it  becomes  a  dingy  red,  then  a  bright 
red,  then  yellow  or  orange,  and  at  last  so  intense  a 
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ChaP-  IV-  white  that  the  eye  cannot  behold  it.  Now,  if  we 
adopt  the  notion  that  the  light  thus  emitted  existed 
previously  in  the  luminous  body,  we  must  admit 
that  every  body  in  nature  possesses  the  very  same 
quantity  of  light,  and  this  quantity  must  be  allowed 
to  be  inexhaustible.  For  the  light  continues  as 
long  as  we  keep  up  the  temperature.  An  ounce  of 
gold  might  be  kept  red  hot  for  a  month  or  a  cen- 
tury, and  that  by  communication  of  heat  from  a 
body  not  itself  luminous,  as  heated  air,  without  any 
diminution  of  the  intensity  of  the  light  which  it  is 
constantly  emitting.  The  same  remarks  must  apply 
to  the  quantity  of  heat  which  all  bodies  contain. 
For  the  heat  emitted  by  them  is  always  propor- 
tional to  the  quantity  of  light  concentrated  upon 
them.  So  that  by  powerful  burning-glasses  as  high 
a  temperature  is  produced  in  bodies  as  can  by  any 
other  method.  Thus  the  hypothesis  that  we  are 
considering  supposes  that  all  bodies  contain  an  infi- 
nite quantity  both  of  light  and  heat — a  supposition 
quite  inconsistent  with  the  very  hypothesis  from 
which  it  flows. 

A  second  hypothesis  supposes  that  light  and  heat 
are  absolutely  the  same  thing — the  only  difference 
between  them  being  that  light  is  radiated  in  straight 
lines  through  space,  while  heat  exists  fixed  in  bodies. 
It  produces  the  phenomena  of  light  while  it  is 
moving  in  rays,  and  the  phenomena  of  heat  while 
it  is  fixed  in  bodies.  This  hypothesis  accounts 
tolerably  well  for  the  mutual  evolution  of  light  by 
heat,  and  heat  by  light ;  but  it  is  inconsistent  with 
a  number  of  well  established  facts,  which  have  been 
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already  stated  while  treating  of  the  radiation   of^h*?.  iv. 
heat.     For  nothing  is  better  ascertained  than  that 
heat  is  emitted  in  straight  lines  from  surfaces. 

In  all  probability  light  and  heat,  though  not 
absolutely  the  same,  are  yet  mutually  convertible  convertible. 
into  each  other.  Upon  what  the  difference  between 
them  depends  cannot  be  explained.  Whether  they 
move  with  different  degrees  of  velocity,  or  whether 
it  be  that  the  interval  between  the  particles  of  heat 
when  in  motion  is  too  great  to  produce  in  us  the 
sensation  of  vision  ;  it  may  be  that  to  produce  this 
sensation  a  succession  of  particles  following  each 
other  within  a  determinate  interval  of  time  may  be 
necessary.  This  difference  in  the  interval  may 
perhaps  account  for  the  different  kinds  of  rays, 
which  exist  in  the  solar  beam.  But  upon  this  diffi- 
cult subject  nothing  better  than  conjecture  can  be 
offered. 

4.  There  are  several  bodies  which  seem  to  con-  niosphor- 

escent  bo- 

tain  light  as  a  constituent ;  since  it  can  be  driven  dies- 
off'  from  them  by  the  application  of  a  moderate 
heat.  The  quantity  of  light  which  they  thus  con- 
tain is  not  very  great.  Yet  while  it  is  making  its 
escape,  the  bodies  appear  luminous,  as  if  they  were 
surrounded  by  a  low  lambent  flame,  varying  in 
colour  according  to  that  of  the  body  from  which 
the  light  is  issuing.  The  minerals  which  possess 
the  property  of  emitting  light  when  heated,  are 
called  phosphorescent.  Fluor  spar,  and  phosphate 
of  lime,  are  the  two  minerals  which  possess  this 
property  in  the  greatest  perfection.  Almost  every 
variety  of  fluor  spar  is  more  or  less  phosphorescent ; 
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chap.  iv.  but  Some  kinds  are  much  more  so  than  others.    The 


same  remark  applies  to  phosphate  of  lime;  the 
kind  which  is  most  phosphorescent  of  all  is  the 
compact  variety  from  Estremadura  in  Spain. 
There  are  some  kinds  of  calcareous  spar,  which 
likewise  phosphoresce  ;  and  the  tremolite  seems  to 
owe  its  phosphorescing  quality  to  the  carbonate  of 
lime  with  which  it  is  usually  contaminated. 

There  are  some  bodies  which  seem  to  contain 
light  as  a  constituent,  and  which  they  appear  to 
part  with  first,  when  they  begin  to  undergo  spon- 
taneous decomposition.  That  this  is  the  case,  has 
been  rendered  very  evident  by  a  set  of  experiments 
made  long  ago  by  Mr.  Canton,*  and  repeated  and 
carried  a  great  deal  farther  by  Dr.  Hulme.t  It 
has  been  long  known  that  different  kinds  of  meat 
and  fish,  just  when  they  are  beginning  to  putrefy, 
become  luminous  in  the  dark,  and  of  course  give 
out  light.  This  is  the  case  in  particular  with  the 
whiting,  the  herring,  and  the  mackerel.  When 
four  drams  of  either  of  these  are  put  into  a  phial 
containing  two  ounces  of  sea  water,  or  of  pure 
water  holding  in  solution  \  a  dram  of  common  salt, 
or  two  drams  of  sulphate  of  magnesia,  if  the  phial 
be  put  into  a  dark  place,  a  luminous  ring  appears 
on  the  surface  of  the  liquid  within  three  days,  and 
the  whole  liquid,  when  agitated,  becomes  luminous, 
and  continues  in  that  state  for  some  time.  When 
these  liquids  are  frozen,  the  light  disappears,  but  is 
again  emitted  as  soon  as  they  are  thawed.  A 

*  Phil.  Trans,  lix.  446.  j  Ibid.  1800,  p.  161. 
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moderate  heat  increases  the  luminousness,  but  a  chap.  iv. 
boiling  heat  extinguishes  it  altogether.  The  light 
is  extinguished  also  by  water,  lime  water,  water 
impregnated  with  carbonic  acid  gas,  or  sulphuretted 
hydrogen  gas,  fermented  liquors,  spirituous  liquors, 
acids,  alkalies,  and  water  saturated  with  a  variety 
of  salts,  as  sal-ammoniac,  common  salt,  sulphate 
of  magnesia  ;  but  the  light  appears  again  when  these 
solutions  are  diluted  with  water.  This  light  pro- 
duces no  sensible  effect  on  the  thermometer.* 
After  these  experiments,  it  can  scarcely  be  denied 
that  light  constitutes  a  component  part  of  these 
substances,  and  that  it  is  the  first  of  the  constituent 
parts  which  makes  its  escape  when  the  substance 
containing  it  is  beginning  to  be  decomposed. 

Father  Beccaria,  and  several  other  philosophers,  Mostbo- 

dies  absorb 

have  shown  us,  by  their  experiments,  that  there  are 
a  great  many  substances  which  become  luminous 
after  being  exposed  to  the  light.t  This  property 
was  discovered  by  carrying  them  instantly  from  the 
light  into  a  dark  place,  or  by  darkening  the  cham- 
ber in  which  they  are  exposed.  Most  of  these  sub- 
stances, indeed,  lose  their  property  in  a  very  short 
time,  but  they  recover  it  again  on  being  exposed  to 
the  light ;  and  this  may  be  repeated  as  often  as  we 
please.  We  are  indebted  to  Mr.  Canton  for  some 
very  interesting  experiments  on  this  subject,  and 
for  discovering  a  composition  which  possesses  this 

*  The  same  experiments  succeed  with  Canton's  pyrophorus,  as 
Dr.  Hulme  has  shown, 
f  Phil.  Trans.  Ixi.  212. 

I.  U 
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chap.  iv.  property  in  a  remarkable  degree.*  He  calcined 
some  common  oyster  shells  in  a  good  coal  fire  for 
half  an  hour,  and  then  pounded  and  sifted  the 
purest  part  of  them.  Three  parts  of  this  powder 
were  mixed  with  one  part  of  the  flowers  of  sulphur, 
and  rammed  into  a  crucible  which  was  kept  red 
hot  for  an  hour.  The  brightest  parts  of  the  mix- 
ture were  then  scraped  off,  and  kept  for  use  in  a 
dry  phial  well  stopped.t  When  this  composition 
is  exposed  for  a  few  seconds  to  the  light,  it  becomes 
sufficiently  luminous  to  enable  a  person  to  distin- 
guish the  hour  on  a  watch  by  it.  After  some  time 
it  ceases  to  shine,  but  recovers  this  property  on 
being  again  exposed  to  the  light. 

The  only  effect,  which  heat  had  on  this  pyrophorus 
was  to  increase  the  separation  of  light  from  the 
pyrophorus,  and  of  course  to  shorten  the  duration 
of  its  luminousness.  Two  glass  globes  hermetically 
sealed,  containing  each  some  of  this  pyrophorus, 
were  exposed  to  the  light  and  carried  into  a  dark 
room.  One  of  them,  on  being  immersed  in  a  basin 
of  boiling  water,  became  much  brighter  than  the 
other,  but  in  ten  minutes  it  ceased  to  give  out 
light :  the  other  remained  visible  for  more  than  two 
hours.  After  having  been  kept  in  the  dark  for  two 
days,  they  were  both  plunged  into  a  basin  of  hot 

*  Phil.  Trans.  Jviii.  327. 

t  Dr.  Higgins  has  added  considerable  improvements  to  the  me- 
thod of  preparing  Canton's  pyrophorus.  He  stratifies  the  oyster 
shells  and  sulphur  in  a  crucible  without  pounding  them ;  and  after 
exposing  them  to  the  proper  heat,  they  are  put  into  phials  furnished 
with  ground  stoppers. 
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water ;  the  pyrophorus  which  had  been  in  the  water  chap.  iv. 
formerly  did  not  shine,  but  the  other  became  lumi- 
nous, and  continued  to  give  out  light  for  a  conside- 
rable time.  Neither  of  them  afterwards  shone  by 
the  application  of  hot  water ;  but  when  brought 
near  to  an  iron  heated  so  as  scarcely  to  be  visible 
in  the  dark,  they  suddenly  .gave  out  their  remaining 
light,  and  never  shone  more  by  the  same  treatment : 
but  when  exposed  a  second  time  to  the  light,  they 
exhibited  over  again  precisely  the  same  phenomena ; 
even  a  lighted  candle  and  electricity  communicated 
some  light  to  them. 

Many  bodies  emit  light  from  friction.    The  way  in  Light  from 

1-11  nr>  i  i    •        i  •  •  n  f"ction. 

which  the  effect  is  produced,  in  this  case  is  not  well 
understood.  It  seems  to  be  connected  with  elec- 
tricity. The  evolution  of  sparks  when  flint  and 
steel  are  struck  against  each  other,  is  a  case  of 
combustion,  and  does  not  come  under  the  class  of 
bodies  that  become  luminous  by  friction.  , 


CHAPTER  V. 

OF   COMBUSTION. 


Chap.  v.  THIS  effect  of  heat  differs  from  those  already  treated 
of  in  one  remarkable  and  important  particular ;  it 
is  not  universal.  There  are  many  substances  which 
are  not  susceptible  of  undergoing  combustion, 
though  subjected  to  ever  so  high  a  temperature, — 
and  there  are  some  bodies  which  are  capable  of 
undergoing  combustion  without  the  application  of 
any  artificial  heat  whatever.  It  is,  however,  a  very 
general  effect  of  heat,  and  it  deserves  to  be  treated 
somewhat  in  detail,  because  the  earliest  attempts 
at  generalizing  in  chemistry  were  founded  upon  a 
theory  of  combustion  j  and  because  the  different 
theories  of  combustion  have  had  a  most  striking 
effect  upon  the  progress  and  aspect  of  the  science. 

Meaning  of  l.  By  combustion  is  meant,  in  common  language, 
a  remarkable  evolution  of  heat  and  light  or  ofjire 
when  certain  bodies  combine  together.  This  is 
well  exemplified  in  the  burning  of  wood,  or  pit  coal, 
or  oils,  or  spirits  in  the  open  air.  These  bodies 
give  out  an  enormous  quantity  of  heat  and  light 
during  their  combustion.  The  substance  with  which 
they  combine  is  the  oxygen  of  the  atmosphere. 
When  phosphorus  is  raised  to  the  temperature  of 
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148°,  it  catches  fire,  and  burns  with  great  splen-  chap.  v 
dour,  combining  with  the  oxygen  of  the  atmo- 
sphere,  and  giving  out  a  vast  quantity  of  heat  and 
light.  Hydrogen  gas  requires  a  red  heat  to  cause 
it  to  begin  to  burn.  It  then  unites  rapidly  with 
the  oxygen  of  the  atmosphere,  and  gives  out  little 
light,  but  a  great  quantity  of  heat. 

In  all  these  cases  of  combustion  we  only  see  one 
of  the  substances  which  combine.  The  oxygen  of 
the  atmosphere,  though  just  as  essential  an  ingre- 
dient, is  not  visible,  and  its  agency  was  long 
unknown.  This  is  the  reason  why  the  wood,  the 
pit  coal,  the  oil,  the  phosphorus,  the  hydrogen,  has 
received,  in  common  language,  the  name  of  com- 
bustible. As  both  the  bodies  commonly  called 
combustibles,  and  the  oxygen  of  the  atmosphere,  are 
essentially  necessary  for  combustion,  —  as  during 
the  combustion  they  unite  together,  and  as  the 
evolution  of  light  and  heat,  which  constitutes  the 
most  striking  part  of  the  phenomenon,  are  the 
immediate  consequence  of  this  union,  it  is  evident 
that  in  strict  propriety  of  language  the  oxygen  is 
as  well  entitled  to  the  name  of  combustible  as  the 
other  body  with  which  it  unites.  But  as  common 
language  was  fixed  before  the  nature  of  the  process 
of  combustion  was  understood,  the  term  combustible 
came  to  be  applied  to  one  of  the  two  substances 
which  unite  together,  and  not  to  the  other  j  to 
that,  namely,  which  is  the  most  conspicuous.  It 
would  be  in  vain  for  us  to  attempt  to  alter  the 
common  language,  and  to  affirm  that  the  oxygen  is 
just  as  much  a  combustible  as  the  wood  or  the  pit 
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chap.  v.  coal  which  we  burn  on  our  fires.  We  would  never  be 
able  to  prevail  upon  mankind  to  adopt  our  nomen- 
clature. It  will  be  better  for  us  then  to  apply  the 
term  combustible,  as  it  is  done  in  common  life,  and 
we  may  distinguish  the  other  constituent  by  the 
name  supporter  of  combustion. 

Combustion  then  is  a  union  of  a  combustible  with 
a  supporter,  attended  with  the  evolution  of  heat  and 
light  or  of  fire. 

^*  -^°  chemical  combination  of  two  bodies  with 
chan  *  of    eac^  ot^er  ever  ta^es  place  without  a  change  of 
tempera-     temperature.     Sometimes    the  temperature   sinks, 
as  when  sulphate  of  soda  is  dissolved  in  a  dilute 
mineral  acid,  or  when  snow  and  common  salt  are 
mixed  together.     Cold  is  produced  only  when  solid 
bodies  become  liquid  by  uniting  together.     And 
the  more  rapidly  they  liquefy,  the  greater  is  the 
intensity  of  the  cold  produced.  In  the  greater  num- 
ber of  chemical  combinations  heat  is  evolved,  and 
the  more  rapidly  the  combination  takes  place,  and 
the  more  intimate  it  is,  the  greater  is  the  evolution 
increas^  *"  °f  heat.     Those  combinations,  which  are  accompa- 
nied by  the  evolution  of  heat,  always  undergo  an 
increase  of  density,   or  the  particles  constituting 
them  approach  nearer  each  other  than  they  were 
before.     An  example  will  make  this  approach  of 
the  particles  obvious. 
Water  is  a  compound  of 

2  volumes  hydrogen  gas, 
]  volume  oxygen  gas, 

united  together  and  condensed  into  a  liquid. 
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Sp.  gravity  of  hydrogen  gas  0-0694  Chap>  Vt 

oxygen  gas  1*1111 

that  of  common  air  being  unity. 

Grains. 

2  cubic  inches  of  hydrogen  gas  weigh  0-04-3228 
1  cubic  inch  of  oxygen  gas  weghs          0*346048 

0-389276 

Weight  of  3  cubic  inches  of  the  consti- 
tuents of  water  before  combination  0*389276  gr. 
Weight  of  3  cubic  inches  of  water            757-38  gr. 

Now,  the  volumes  before  and  after  combination  And  why. 
are  inversely  as  these  weights.  From  this  it  follows 
that  1700  cubic  inches  of  the  constituents  of  water, 
when  they  combine  together  and  assume  the  form 
of  water,  occupy  little  more  than  1  cubic  inch.  So 
that  the  particles  approach  very  nearly  12  times 
nearer  each  other  than  when  they  were  in  the 
gaseous  state.  This  is  an  enormous  condensation. 
Now,  the  heat  evolved  during  the  rapid  union  of 
oxygen  and  hydrogen  gases  is  the  greatest  that  we 
have  it  in  our  power  to  produce. 

3.  It  is  only  when  bodies  combine  with  each  Combus- 
•  11     i       i  •  t'on  on' 

other  rapidly  that  their  combination  is  accompanied  follows 

I  •  TTTl  1  •  P'^  C0 

by  combustion.  When  the  combination  takes  place  nation, 
slowly,  the  total  quantity  of  heat  evolved  may  be 
the  same  as  in  the  rapid  combination ;  but  as  it  is 
evolved  slowly,  it  is  dissipated  as  it  appears,  and 
never  accumulates  in  sufficient  quantity  to  consti- 
tute fire,  which  always  makes  its  appearance  when 
heat  is  accumulated  in  a  body  to  a  certain  amount. 
This  is  probably  the  reason  why  combustion  is  con- 
fined to  cases  of  rapid  combination. 
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chap,  v,  4.  In  all  cases  of  combustion  which  occur  in 
common  life,  the  supporter  of  combustion,  which 
combines  with  the  burning  body,  is  the  oxygen  of 

Number  of  the  atmosphere.     But  there  are  three  other  bodies 

supporters. 

which  possess  analogous  properties  to  oxygen. 
They  accumulate,  like  it,  round  the  positive  pole 
of  the  galvanic  battery.  Like  it,  they  combine 
with  almost  all  the  simple  bodies,  and  form,  with 
them,  compounds  of  an  analogous  nature.  These 
three  bodies  are  chlorine,  bromine,  and  iodine :  the 
first  of  which  is  a  gas  like  oxygen,  the  second  a 
liquid,  and  the  third  a  solid.  These  four  bodies, 
from  the  analogy  of  their  properties,  may  be  conve- 
niently classed  together,  and  they  may  be  distin- 
guished by  the  name  of  supporters  of  combustion. 
Of  these  chlorine  is  the  best,  and  iodine  the  worst 
supporter ;  probably  owing  to  the  state  of  their 
aggregation.  The  similarity  of  chlorine,  bromine, 
and  iodine,  to  each  other,  is  much  greater  than 
their  analogy  with  oxygen,  which  they  resemble 
chiefly  in  their  property,  like  it,  of  combining  with 
all  simple  bodies,  and  of  acting  occasionally  as  sup- 
porters of  combustion. 

Sulphur  and  phosphorus  occasionally  act  the 
parts  of  supporters.  When  sulphur,  in  a  liquid 
state,  is  made  to  combine  rapidly  with  copper  or 
zinc  or  iron,  and  perhaps  also  with  some  other 
bodies,  it  becomes  solid  in  the  instant  of  union,  and 
the  new  compound  becomes  red  hot,  and  exhibits 
all  the  phenomena  of  a  short  combustion.  When 
liquid  phosphorus  is  brought  in  contact  with  hot  lime, 
barytes,  or  strontian,  a  rapid  combination  takes 
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place,  and  all  the  phenomena  of  a  brilliant  combus-  chap.  v. 
tion  present  themselves.     In  this  last  case  the  oxy-  ~ 
gen   previously  united  with  the  calcium,   barium, 
and  strontium,   suddenly  enters  into  combination 
with  the  phosphorus,  and  may  contribute  to  the 
combustion  ;   but  probably  the  greatest  share  of 
the  effect  is  due  to  the  sudden  change  of  the  phos- 
phorus from  a  liquid  to  a  solid  state. 

Potassium  also  frequently  produces  the  pheno- 
mena of  combustion,  and  may  therefore  be  con- 
sidered as  an  occasional  supporter.  And  doubtless 
sodium  and  the  metallic  bases  of  the  alkaline  earths 
would  show  similar  properties  if  we  had  it  in  our 
power  to  procure  them.  In  all  these  cases,  the 
potassium  is  liquid,  and  suddenly  changes  by  com- 
bining with  oxygen  or  with  another  metal  into  a 
solid  body. 

The  combustible  bodies  consist  of  all  the  simple  Number  of 

r       combusti- 

substances,  with  the  exception  of  the  four  support- ble8< 
ers  and  azote.  There  exist  likewise  some  striking 
anomalies  among  the  simple  bodies,  in  the  pheno- 
mena of  their  union  with  the  supporters.  But  it 
will  be  better  to  leave  the  consideration  of  these 
phenomena,  till  we  come  to  treat  of  those  bodies 
themselves  in  which  they  occur. 

5.  There  is  another  set  of  phenomena  which  have  Glowing 

,  explained. 

been  considered  as  connected  with  combustion ; 
but  which  I  rather  think  should  be  classed  as 
instances  of  phosphorescence.  When  the  green 
oxide  of  chromium  is  heated  nearly  to  redness,  it 
becomes  of  itself  red  hot,  and  glows  for  some  time 
like  a  live  coal.  By  this  glowing  it  undergoes  no 
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chap.  v.  alteration  in  its  weight ;  but  becomes  much  more 
difficultly  soluble  in  acids  than  formerly,  and  its 
specific  gravity  is  probably  increased.  This  glow- 
ing does  not  always  take  place ;  though  it  is  a  very 
common  property  of  the  oxide.  No  doubt  the 
presence  or  the  absence  of  the  property  depends 
upon  the  mode  of  preparing  the  oxide.  I  consider 
the  light  that  escapes  in  this  example  as  having 
been  chemically  combined,  and  adhering  so 
strongly,  that  a  pretty  high  temperature  is  requisite 
to  drive  it  off.  In  like  manner  when  the  mineral 
called  gadolinite  is  exposed  to  a  heat  very  nearly 
amounting  to  a  red  heat,  it  becomes  red  hot  and 
glows  for  a  little  time  with  considerable  brilliancy. 
This  also  I  consider  as  a  case  of  phosphorescence. 

What  shows  the  agreement  of  these  phenomena 
with  the  phosphorescence  of  fluor  spar  and  phos- 
phate of  lime,  is  that  though  no  sensible  alteration 
is  made  in  the  weight  or  chemical  constitution  of 
the  substances ;  they  cannot  be  made  to  glow  a 
second  time  by  exposure  to  heat.  The  green  oxide 
of  chromium  may  indeed  have  its  property  of  glow- 
ing restored  by  heating  it  with  carbonate  of  potash 
or  soda,  which  converts  it  into  chromic  acid,  digest- 
ing the  chromate  thus  formed  with  oxalic  acid, 
which  reduces  the  acid  to  green  oxide,  and  then 
throwing  it  down  by  ammonia.  But  fluor  spar 
and  phosphate  of  lime  recover  their  phosphorescing 
quality  when  decomposed  and  again  united,  as  was 
ascertained  by  Scheele  ;  so  that  those  bodies  which 
phosphoresce,  and  those  which  glow,  resemble  each 
other  in  every  part  of  the  phenomenon. 
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6.  To  estimate  the  quantity  of  heat  evolved  ChaP- v- 
during  the  burning  of  different  combustibles  is  not  Quantityof 
only  important  in  a  philosophical  point  of  view,  Jj'duriSg 
but  of  considerable  consequence  also,  as  an  object combU8tion- 
of  economy.  A  set  of  experiments  on  this  subject 
was  made  by  Lavoisier  and  Laplace.  They  burnt 
various  bodies  in  the  calorimeter,  and  estimated  the 
heat  evolved  by  the  quantity  of  ice  melted  in  each 
experiment.  Dr.  Crawford  made  a  similar  set  of 
experiments.  He  estimated  the  heat  evolved  by 
the  increase  of  temperature  which  the  water  expe- 
rienced with  which  he  contrived  to  surround  the 
burning  bodies.*  A  still  more  numerous  set  of 
experiments  has  been  made  by  Mr.  Dalton,  chiefly 
on  the  heat  evolved  during  the  combustion  of 
gaseous  bodies.  He  filled  a  bladder  capable  of 
holding  30,000  grains  of  water  with  the  gas ;  this 
bladder  was  fitted  with  a  stop-cock  and  a  pipe.  A 
tinned  vessel  was  procured  capable  of  holding 
30,000  grains  of  water ;  the  specific  heat  of  which 
being  ascertained,  and  as  much  water  added  as 
made  the  specific  heat  of  both  equivalent  to  that 
of  30,000  grains  of  water,  the  gas  was  squeezed 
out  of  the  bladder,  lighted,  and  the  extremity  of 
the  flame  made  to  play  upon  the  bottom  of  the 
tinned  vessel.  The  quantity  of  heat  evolved  was 
estimated  by  the  increase  of  temperature  produced 
upon  the  water  in  the  vessel.t 

*  See  his  experiments  on  animal  heat,  pp.  254,  320,  333. 

t  Dal  ton's  New  System  of  Chemical  Philosophy,  p.  76.  When 
the  substances  burnt  were  not  gaseous,  they  were  converted  into 
a  lamp  and  burnt  with  or  without  a  wick  as  the  case  required. 
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chap.  v.  A  very  numerous  set  of  experiments  was  likewise 
made  by  Count  Rumford  on  the  heat  evolved 
during  the  combustion  of  oils,  spirits,  and  various 
woods  ;  and  from  the  length  of  time  which  he  de- 
voted to  the  subject,  and  the  numerous  precautions 
to  which  he  had  recourse,  it  is  probable  that  his 
results  are  near  approximations  to  the  truth.* 

These  different  experiments  cannot  well  be  com- 
pared together,  in  consequence  of  the  great  differ- 
ence in  the  mode  of  conducting  them.  In  Dalton's 
experiments  a  good  deal  of  the  heat  would  of 
necessity  be  lost,  yet  as  all  the  gases  were  placed 
as  nearly  as  possible  in  the  same  circumstances, 
they  ought  to  give  us,  though  not  the  absolute 
heat  evolved,  yet  the  relative  quantity  given  out 
during  the  combustion  of  each  of  the  gases  which 
he  employed.  I  shall  therefore  give  them  in  the 
following  table. 

Experi-  Substance  burnt  1  Ib.  Oxygen  Consumed       Ice  melted  Ratiog  Qf  heat 

Hydrogen  gas  l\&?  8           v&K  320  ^««  ]6 

Carburetted  hydrogen  6          ;nf&  85  i^v  4-25 

Olefiantgas  .  4-375      .   ;  88  .  4-4 

Carbonic  oxide  .  0-4375    .  25  .  1-25 

Olive  oil  .  3-033      .  104  .  5-2 

Wax  .  3-14       .  104  .  5-2 

Tallow  .  104  5-2 

Oil  of  turpentine  .  —           .  60  . "[ ''^'l  3 

Alcohol  .  3-477     v  :'  58  a /^  2-9 

Sulphuric  ether  .  4-296    •?-*  62  'f{^1  3'1 

Phosphorus  .  1-333  60  3 

Charcoal  ;.  ;  2-666      ..  40  .  2 

*  Nicholson's  Journal,  xxxii.  105 ;  xxxiv.  319,  and  xxxv.  95. — 
Gilbert's  Annalen,  xlv.  1,  306. 
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Substance,  burnt  lib.  Oxygen  consumed  Icfn™beglted  Ratios  of  heat.       Chap.  V. 


Sulphur  .          1-5         .         20         .        1 

Camphor  .         3-021      .         70         .       3-5 

Caoutchouc  .         5-265     •#  ,      42         .2-1 

In  these  experiments,  the  greatest  loss  of  heat 
would  be  sustained  in  the  burning  of  the  charcoal 
because  it  does  not  give  out  flame.  Camphor  and 
oil  of  turpentine  would  also  be  underrated,  because 
much  of  their  carbon  flies  off  unburnt  in  the  form 
of  lamp  black. 

Sir  Humphry  Davy,  in  his  very  curious  and°fDavy- 
interesting  researches  on  flame,  has  given  us  the 
results  of  a  set  of  experiments  on  the  heat  pro- 
duced by  the  combustion  of  five  different  gases. 
The  gases  were  made  to  issue  from  the  mouth  of 
a  platinum  tube,  and  the  jet  being  inflamed  was 
made  to  play  upon  the  bottom  of  a  copper  vessel 
containing  oil,  raised  previously  to  the  temperature 
of  212°.  The  bulk  of  eacrTgas  consumed,  and  the 
time  of  burning,  were  in  each  case  as  nearly  as 
possible  the  same.  The  following  are  the  results.* 

6  .  Olefiant  gas  heated  the  oil  to  270°  or  58° 

1  .  Hydrogen        *         .         .         238         26 

4  jii  Coal  gas          ..       .       >         236         24 

3  .u  Sulphuretted  hydrogen    .         232         20 

1  .  Carbonic  oxide        .         .         218           6 

The  numbers  in  the  first  column  give  the  relative 
quantities  of  oxygen  consumed  during  these  com- 
bustions. These  results  cannot  well  be  compared 
with  those  in  the  preceding  table.  It  is  obvious 

*  Phil.  Trans.  1817,  p.  52. 
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chap.  v.  that  much  heat  would  be  dissipated  during  the 
continuance  of  the  experiment,  in  consequence  of 
the  previously  high  temperature  of  the  oil. 

It  is  not  easy  to  see  why  the  oil  was  previously 
heated  to  212°.     It  could  have  no  other  effect  than 
that  of  rendering  the  loss  of  heat  greater  than  it 
otherwise  would  be. 
The  following  table  exhibitsthe  result  of  the  experi- 


tond'a?d&1"  men*s  °f  Lavoisier,  Crawford,  Dalton,  and  Rumford. 

Rumford. 


Rumford. 


Oxygen  consumed 


Ice  melted 


Substances  burnt  1  Ib. 

in  Ibs. 

in  Ibs. 

Experimenter. 

Hydrogen 

8 

7      295         ;' 

480        '. 

Lavoisier 
Crawford 

320      :\  : 

Dalton 

Charcoal           ;>  > 

2-66 

j  u°      96-5      . 

Lavoisier 

69 

Crawford 

40     y£  8 

Dalton 

Phosphorus 
Olive  oil          ;;.,'x| 

1-33 
3-033 

.:      100      [j  ."•; 
'.j:    148      7V:' 

Lavoisier 
Lavoisier 

89    rj;., 

Crawford 

104 

Dalton 

93-073  . 

Rumford 

Rape  oil 
Wax             •'":?-• 

3-033 
3-14 

124-097  . 

fP    133      r'  ? 

Rumford 
Lavoisier 

97 

Crawford 

104 

Dalton 

126-242  . 

Rumford 

Tallow 

— 

104         . 

Dalton 

111-582. 

Rumford 

Alcohol 

3-477 

j^f      67-47    . 

Rumford 

Sulphuric  ether 
Naphtha        "/•'*' 

4-296 

V      107-027. 
97-834  . 

Rumford 
Rumford 

The  result  of  Count  Rumford's  experiments  on 
the  combustion  of  woods  will  be  seen  in  the  fol- 
lowing table. 
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s^oS.°f  Quali* 

Lime     .  .  Joiner's  dry  wood,  4  years  old         .... 

Ditto     .  .  Ditto • 

Ditto     .  .  Ditto,  highly  dried  over  a  chafing  dish    .         .         . 

Ditto     .  .  Ditto       ...-.-... 

Ditto     .  .  Ditto,  rather  less  dried     • 

Beech    .  .  Joiner's  dry  wood,  four  or  five  years  old 

Ditto     .  .  Ditto       .                  

Ditto     .  .  Ditto,  highly  dried  over  a  chafing  dish    . 

Ditto     .  .  Ditto       .                                  . 

Elm       .  .  Joiner's  wood,  rather  moist     • 

Ditto     .  .  Joiner's  dry  wood,  four  or  five  years  old          .         . 

Ditto     .  .  Ditto . 

Ditto     .  .  Ditto,  highly  dried  over  a  chafing  dish  .         .         . 

Ditto     .  .  Ditto 

Ditto     .  .  Ditto,  dried  and  scorched  in  the  stove    . 

Oak        .  .  Common  fire  wood  in  moderate  shavings 

Ditto     .  .  Ditto,  in  thicker  shavings,  leaving  a  residuum  of 
charcoal    ........ 

Ditto     .  .  Ditto,  in  thin  shavings   ...;.. 

Ditto     .  .  Ditto,  in  thin  shavings,  well  dried  in  the  air  . 

Ditto     .  .  Joiner's  wood,  very  dry,  in  thin  shavings       .         . 

Ditto     .  .  Ditto 

Ditto     .  .  Thick  shavings,  leaving  0-92  grains  of  charcoal 

Ash        .  .  Joiner's  common  dry  wood 

Ditto     .  .  Same  kind,  shavings  dried  in  the  air 

Ditto     .  .  Ditto,  highly  dried  over  a  chafing  dish   . 

Maple    .  Seasoned  wood,  highly  dried  over  a  chafing  dish     . 

Service  .  .  Ditto,                       ditto           • 

Ditto     .  .  Same  kind,  scorched  in  a  stove        .... 

Cherry .  .  Joiner's  dry  wood            .         •                                    . 

Ditto     .  .  Same  kind,  highly  dried  over  a  chafing  dish 

Ditto     .  .  Same  kind,  scorched  in  a  stove        .         .        •     r  • 

Fir    ...  Joiner's  common  dry  wood  •••*     Vv      _••••• 

Ditto     .  .  Shavings  well  dried  in  air       .        V;       ••       TJ      • 

Ditto     .  .  Highly  dried  over  a  chafing  dish              ,* 

Ditto     .  .  Dried  and  scorched  in  a  stove          .... 

Ditto     .  .  Thick  shavings,  leaving  much  charcoal 

Poplar  .  .  Joiner's  common  dry  wood 

Ditto     .  .  Same  kind,  highly  dried  over  a  chafing  dish 

Hornbeam  Joiner's  dry  wood 

Ditto   .  .  Ditto ;  ";.'".  t.  :*• 

Oak        .  .  \Vith  19-6  per  cent,  of  water  imper-  ~\ 
fectly  burnt,  leaving  in  the  combus-  f 


tion  a  charcoal  residuum  amount.  ( 


ing  to 


3 


„. 


Ice  in  It*,  melted 
by  the  heat  deve- 
lope*  during  the 
burning  of  a  Ib. 
of  the  combuiti- 
ble. 

46-145 
46-406 
52-806 
54-210 
51-777 
45-089 
45-002 
48-445 
48245 
36-196 
40-478 
40-068 
46-020 
44-868 
41-200 
34-120 

32-997 
35-062 
38-946 
39-840 
39-728 
34-969 
40-888 
44-960 
47-265 
48-156 
48-173 
43-116 
44-452 
49-205 
46-350 
40-429 
45-333 
49-838 
44-477 
38-260 
46-134 
49-548 
42-400 
42-145 

35-228 
34-121 
34^556 


Chap.   V. 
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Chap.  v.  It  is  not  very  easy  to  draw  any  conclusion  from 
these  experiments.  The  enormous  differences 
between  the  results  obtained  by  Lavoisier,  Crawford, 
and  Dalton,  when  they  operated  upon  the  same 
substance,  destroys  all  reliance  upon  the  accuracy 
of  the  experiments,  The  most  important  of  all  the 
substances  tried  was  hydrogen  and  charcoal,  because 
they  constitute  almost  the  only  combustible  con- 
stituents of  the  substances  commonly  employed  for 
the  purpose  of  fuel. 

Now  from  Mr.  Dalton's  mode  of  experimenting 
it  is  clear  that  his  result  must  have  been  below  the 
truth.  It  is  evident  therefore  that  Lavoisier's  state- 
ment of  the  quantity  of  heat  evolved  during  the 
combustion  of  hydrogen  is  greatly  below  the  truth. 
There  are  two  inaccuracies  in  the  calculations 
employed  by  Dr.  Crawford.  He  overrated  the 
specific  gravity  of  hydrogen  gas,  and  likewise  its 
specific  heat.  These  occasioned  an  error  in  his 
estimate  in  excess.  I  think  it  probable,  that  we 
will  not  be  far  from  the  truth  if  we  say,  that 
1  Ib.  of  hydrogen  gas,  while  burning,  gives  out 
as  much  heat  as  would  melt  400  Ibs.  of  ice,  which 
is  equivalent  to  56,000  degrees.  Or  it  would 
raise  the  temperature  of  1  Ib.  of  water  56,000 
degrees. 

All  the  experimenters  would  be  likely  to  under- 
rate the  heat  evolved  during  the  combustion  of 
charcoal.  I  think  therefore  that  we  may  estimate 
the  heat  evolved  during  the  combustion  of  1  Ib.  of 
charcoal,  as  sufficient  to  melt  100  Ibs.  of  ice.  This 
is  equivalent  to  14,000  degrees  of  heat,  or  it  would 
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raise  the  temperature  of  1  Ib.  of  water  14,000  de-  Cli»p-  v- 
grees. 

But  the  quantity  of  oxygen  consumed  during  the 
combustion  of  a  Ib.  of  hydrogen  and  a  Ib.  of 
charcoal  is  very  different.  The  hydrogen  requires 
8  times  its  weight  of  oxygen,  while  the  charcoal 
requires  only  2*66  times  its  weight  of  that  principle. 
Hence  it  is  obvious,  provided  our  estimates  be 
tolerable  approximations  to  the  truth,  that  the  heat 
evolved  during  the  union  of  1  Ib.  of  oxygen  with 
hydrogen,  would  melt  50  Ibs.  of  ice,  while  the  heat 
evolved,  during  the  union  of  1  Ib.  of  oxygen  with 
carbon  would  melt  only  37*6  Ibs.  of  ice.  Thus  it 
appears  that  the  heat  evolved  during  the  burning  of 
hydrogen  and  charcoal,  is  not  equal  whether  we 
compare  the  action  during  the  union  of  equal 
weights  of  oxygen,  or  of  the  combustibles  them- 
selves. 

The  results  would  approach  somewhat  nearer 
equality,  if  we  were  to  compare  the  atomic  weights 
of  each,  which  seems  to  be  the  most  reasonable  way 
of  considering  the  subject.  The  atom  of  carbon  is 
6  times  as  heavy  as  that  of  hydrogen.  But  during 
its  combustion  it  combines  with  two  atoms  of  oxy- 
gen, while  hydrogen  unites  only  with  one  atom. 
To  compare  the  effect  of  the  union  of  the  same 
number  of  atoms  of  oxygen  with  hydrogen  and 
carbon,  we  should  multiply  the  heat  from  the  com- 
bustion of  the  same  weight  of  carbon  as  hydrogen, 
by  3.  It  is  obvious  that  when  the  same  number  of 
atoms  of  oxygen  unite  with  hydrogen  and  with 
carbon,  the  heats  evolved  in  both  cases  are  to  each 

i.  x 
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chap.  v.  other,  as  4  to  3.     If  the  heat  be  reckoned  4  when 
the  hydrogen  combines  with  oxygen,  it  will  be 
only  3  when  the  carbon  unites  with  oxygen.     If 
Lavoisier's  experiments  on  the  combustion  of  phos- 
phorus be  correct,  the  heat  which  it  gives  out  is 
thf heats     double  that  given  out  by  carbon.     So  that  when  the 
evolved.      same  number  of  atoms  of  hydrogen,  carbon,  and 
phosphorus,  unite  each  with  one  atom  of  oxygen, 
the  heats  given  out  are  as  follows  : 

Phosphorus         .         .  6 

Hydrogen  .         .  4 

Carbon       ...          3 

An  accurate  set  of  experiments  on  this  subject, 
could  not  fail  to  give  us  many  interesting  and 
highly  useful  results. 

Indeed  a  set  of  experiments  has  been  lately  made 
by  M.  Dupretz.     But  he  has  merely  published  the 
results  without   entering  into   any  details.     It  is 
therefore  impossible  to  know  how  far  his  results  can 
be  depended  on.     According   to  him   when   one 
gramme  of  oxygen  combines  by  combustion  with 
the  following  bodies,  the  heat  evolved  is 
For  Hydrogen  2578°  centigrades 
Carbon       2967 
Iron      .      5325 

Phosphorus,  zinc,  and  tin,  disengage  nearly  the 
same  quantity  of  heat  that  iron  does.* 

*  Ann.  de  Chim.  et  de  Phys.  xxxvii.  180.  The  ratios  of  the 
heat  given  out  when  one  atom  of  these  bodies  unites  with  one  atom 
of  oxygen  are  as  follows : 

Hydrogen         ..  .  5 

Carbon    >'          ,'         ..'         5-75 
Iron  10-25 
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7.  Every  substance  seems  to  have  a  temperature  chap.  v. 
of  its  own,  at  which  it  is  capable  of  burning ;  and 
it  never  burns  till  it  is  raised  to  the  requisite  tem- 
perature. The  following  is  the  order  of  combusti- 
bility  of  different  bodies  according  to  the  observa- 
tions  of  Davy,  beginning  with  the  body  which  burns 
at  the  lowest  temperature,* 

Phosphorus, 

Phosphuretted  hydrogen  gas, 

Hydrogen  and  chlorine, 

Sulphur, 

Hydrogen  and  oxygen, 

Olefiant  gas, 

Sulphuretted  hydrogen, 

Alcohol, 

Wax, 

Carbonic  oxide, 

Carburetted  hydrogen. 

Thus  it  appears  that  carburetted  hydrogen  is  the 
gas  which  requires  the  highest  temperature,  and 
phosphuretted  hydrogen  the  lowest  temperature  to 
maintain  its  combustion. 

When  these  bodies  are  burnt  in  rarefied  air,  the 
heat  evolved  is  less,  because  a  smaller  quantity  burns 
at  once.  And  whenever  the  temperature  produced 
is  not  sufficient  to  maintain  the  combustion,  the 
flame  is  extinguished.!  Hence,  phosphorus  will 
burn  in  air  rarefied  60  times,  while  carburetted 
hydrogen  gas  will  not  burn  in  air  rarefied  four  times. 

When  gases  are  rarefied  by  heat,  their  combusti- 

*  Phil.  Trans.  1817,  p.  48.  t  Davy,  ibid. 
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chap,  v.  bility,  as  appears  from  Davy's  experiments,  is  in- 
creased instead  of  being  diminished,  as  Grotthus 
supposed. 

When  a  mixture  of  two  volumes  hydrogen  gas 
an^  one  volume  oxygen  gas  is  diluted  with  deter- 
minate quantities  of  other  gases,  it  loses  its  property 
of  exploding  when  an  electric  spark  is  passed 
through  it.  The  following  table  exhibits  the 
volumes  of  the  different  gases  which  destroyed  the 
explosive  property  of  one  volume  of  such  a  mixture 
according  to  the  experiments  of  Davy*  and  Henry.t 

Volumes. 

Hydrogen 8 

*Azote  .....  6 

Oxygen  .....  9 

Protoxide  of  azote  .         :         .11 

*Cyanogen       .         .         .         .         .  1-5 
Carburetted  hydrogen        .         .                •  1 

*  Carbonic  oxide         ....  4 
Sulphuretted  hydrogen      ...  2 

Olefiant  gas 0'5 

Muriatic  acid  gas      ....  2 

Fluosilicic  acid  gas  .         .         .  0'83 

*Ammonia  .         .         .         .  2 

*  Carbonic  acid          ....  3 

Inflammation  took  place,  when  the  volumes  of 
these  gases  present  were  as  follows : 

Hydrogen 6 

Oxygen  .      _.  ^.  .         .         7 

*  Phil.  Trans.  1817,  p.  59. 

t  Ibid.  1824,  p.  282.  Those  marked  thus  (*)  by  Henry,  the 
others  by  Davy. 
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Protoxide  of  azote  .         .         .  10  Chap.  v. 

Carburetted  hydrogen        .         .         .  0*75 

Sulphuretted  hydrogen       ...  1*5 

Olefiant  gas  ....  0-33 

Muriatic  acid  gas       .         .  .  1'5 

Fluosilicic  acid  gas  .         .         .  0-75 

Davy  is  of  opinion  that  the  reason  why  such 
mixtures  prevent  the  inflammation  of  .the  hydrogen, 
is,  that  they  serve  to  carry  off  the  heat,  or  to  pre- 
vent it  from  reaching  the  requisite  point. 

8.  Flame  is  the  rapid  combustion  of  volatilized  Nature  of 
matter.  The  tallow  or  the  wax  is  melted  and 
drawn  up  to  the  top  of  the  wick  of  a  candle.  Here 
it  is  boiled  and  converted  into  vapour,  which  ascends 
in  the  form  of  a  column.  This  vapour  is  raised  to 
such  a  temperature,  that  it  combines  rapidly  with 
the  oxygen  of  the  surrounding  atmosphere,  and 
the  heat  evolved  is  such  as  to  heat  the  vapour  to 
whiteness.  Flame  then  is  merely  volatile  combus- 
tible matter  heated  white  hot.  The  combustion 
can  only  take  place  in  that  part  of  the  column  of 
hot  vapour  that  is  in  contact  with  the  atmosphere, 
namely,  the  exterior  surface.  The  flame  of  a  candle 
then  is  merely  a  thin  film  of  white  hot  vapour, 
enclosing  within  a  quantity  of  hot  vapour  which 
for  want  of  oxygen,  is  incapable  of  burning.  But  as 
it  advances  upward  in  consequence  of  the  outer 
film  being  already  consumed,  it  gradually  constitutes 
the  outer  surface  of  the  column,  and  assumes  the 
form  of  flame.  And  as  the  supply  of  hot  vapour 
diminishes  as  it  ascends,  and  at  last  fails  altogether, 
the  flame  of  a  candle  gradually  tapers  to  a  point. 
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chap.  v.  That  this  is  the  nature  of  flame  has  been  beautifully 
shown  by  my  late  friend  Mr.  Oswald  Sym,  in  a 
paper  which  has  been  greatly  admired,  but  which 
has  not  perhaps  attracted  all  the  attention  which  it 
deserves.*  Mr.  Davies,  in  a  very  interesting  paper, 
has  fully  confirmed  the  accuracy  of  Mr.  Sym's 
observations.! 

9.  There  are  several  vapours  which  burn  at  a 
lower  temperature  than  that  which  produces  flame. 
During  the  combustion  heat  is  evolved ;  but  the 
ultimate  products  are  quite  different  from  those 
formed,  when  the  same  vapours  burn  with  flame. 
Sir  H.  Davy  discovered  that  if  a  coil  of  platinum 
combustion  wire  of  rather  a  small  size,  be  placed  round  the  wick 
of  a  spirit  of  wine  lamp,  while  the  alcohol  is  burning, 
and  allowed  to  remain  till  it  gets  red  hot,  we  may 
blow  out  the  flame  without  putting  an  end  to  the 
combustion.  The  wire  continues  red  hot,  the  vapour 
continues  to  rise  and  undergoes  a  slow  combustion 
round  it,  during  which  it  gives  out  as  much  heat 
as  keeps  the  wire  always  at  a  red  heat.  This  com- 
bustion without  flame  goes  on  as  long  as  any  spirit 
remains  to  evaporate,  and  it  may  be  kept  up  for 
weeks  without  intermission.  The  alcohol  is  con- 
verted into  acetic  acid,  and  a  substance  having  a 
peculiar  smell.  No  doubt  water  is  also  formed. 
The  atomic  constituents  of  alcohol  are, 

3  atoms  hydrogen 
2  atoms  carbon 
1  atom  oxygen. 

*  Annals  of  Philosophy,  (1st  series,)  viii.  321. 
t  Ibid.  (2d  series,)  x.  447. 
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While  the  atomic  constituents  of  acetic  acid  are        chap.  v. 

2  atoms  hydrogen 
4  atoms  carbon 

3  atoms  oxygen. 

Were  we  to  suppose  two  atoms  of  alcohol  dur- 
ing this  slow  combustion  to  unite  with  5  atoms  of 
oxygen ;  they  might  be  converted  into  1  atom 
acetic  acid  and  4  atoms  water.  For  two  atoms 
alcohol  contain, 

Hydrogen.  Carbon.  Oxygen. 

6  atoms  +  ^  atoms  +2  atoms 
Adding  of  oxygen  ....         5 

Total  6~  +  4  +  7 

1  atom  acetic  acid  contains  2  +4  +3 

4  atoms  water  contain         4 -f-  0 +  4 

6~          +  4          ~T^T 

But  it  is  obvious  from  the  peculiar  smell  of  the 
acetic  acid  formed,  that  the  substances  generated 
are  more  numerous  than  acetic  acid  and  water. 

The  vapour  of  ether,  camphor,  and  several  of 
the  volatile  oils,  may  be  made  to  undergo  this  com- 
bustion without  flame  as  well  as  alcohol,  and  the 
phenomena  are  nearly  the  same. 

Palladium  wire  has  been  substituted  for  plati- 
num; but  when  wires  of  other  metals  are  employed 
the  process  does  not  succeed. 

If  a  coil  of  small  platinum  wire,  previously  heated 
to  redness,  be  let  down  into  a  glass  containing  a 
mixture  of  coal  gas  and  air,  or  vapour  of  ether  and 
air,  it  will  continue  red  hot  till  the  whole  gas  or 
vapour  be  consumed. 
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Chap.  v.       This  curious  process  seems  to  depend  upon  two 
.  cause  of    properties  which  platinum  possesses.     Its  specific 

thls'  heat  is  very  small,  and  it  is  one  of  the  worst  con- 
ductors of  heat  of  all  the  metals.  Hence  a  compa- 
ratively small  quantity  of  heat  is  sufficient  to  make 
it  red  hot,  and  being  a  bad  conductor,  the  waste  of 
heat  is  small  compared  to  what  it  would  be  if  silver 
or  gold  (which  are  very  good  conductors)  were 
employed.  Red  hot  platinum  is  sufficiently  hot  to 
cause  the  rapid  union  of  alcohol  vapour  with 
oxygen,  but  not  sufficiently  so  to  cause  it  to  burn 
with  flame. 

tShi°unmy&ca"  10*  *n  ^e  vear  1822,  M.  Dobereiner,  Professor 
a^  ^ena»  announced  that  if  spongy  platinum,  ob- 
Gained  by  exposing  ammonia-muriate  of  platinum 

hoi  vapour,  to  a  low  red  heat,  be  heated  and  put  into  the 
vapour  of  alcohol,  it  becomes  red  hot  and  remains 
so  as  long  as  any  of  the  vapour  is  uncorisumed.* 
He  found  that  powdered  black  oxide  of  manganese, 
oxide  of  nickel,  oxide  of  cobalt,  oxide  of  uranium, 
oxide  of  tin,  &c.  when  in  the  loose  and  porous 
state  in  which  they  are  procured  by  decomposing 
the  oxalates  of  the  respective  metals  by  heat  in  the 
open  air,  may  be  substituted  for  spongy  platinum. 
So  that  the  phenomenon  is  much  more  general  than 

was  at  ^rst  suPP°sed-  I*1  tne  vear  18^3,  Dobe- 
reiner  discovered  that  if  a  jet  of  hydrogen  gas  be 
made  to  strike  against  a  small  collection  of  this 
spongy  platinum  at  the  distance  of  an  inch  or  two 
from  the  mouth  of  the  jet,  the  platinum  becomes 

*  Schweigger's  Jahrbuch,  iv.  91. 
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red  hot  and  continues  so  as  long  as  the  hydrogen  chap.  v. 
jet  plays  upon  it.  Or  if  a  mixture  of  oxygen  and 
hydrogen  gases  be  put  into  a  glass  jar,  and  a  little 
spongy  platinum  be  let  up  into  it ;  the  platinum 
speedily  becomes  red  hot  and  causes  the  mixture 
of  gases  to  explode.*  This  curious  experiment 
was  almost  immediately  repeated  and  verified  in 
every  part  of  Europe. 

Mr.  Garden  found  that  the  black  matter  which 
remains  behind  when  native  platina  is  dissolved  in 
aqua  regia,  and  which  contains  a  good  deal  of 
osmium  and  iridium,  may  be  substituted  for  the 
spongy  platinum.t  It  is  only  necessary  to  heat  it 
to  redness  and  allow  it  to  cool  before  using  it. 
Thenard  and  Dulong  found  that  palladium,  rho- 
dium, and  indium,  might  be  substituted  for  the 
spongy  platinum.  Osmium  requires  to  be  heated 
to  104-°  or  122°.  Nickel  in  a  spongy  state  acts 
also,  but  very  slowly.t  Platinum  foil  in  its  natural 
state  would  not  do,  but  when  crumpled  like  paper 
it  became  red  hot  like  spongy  platinum.|| 

When  the  temperature  is  elevated,  but  not  so 
high  as  that  of  boiling  mercury,  all  the  metals  have 
a  greater  or  smaller  effect  when  treated  with  a  jet 
of  hydrogen  gas.  Gold  in  plates  requires  to  be 
heated  to  436°,  when  in  foil  to  496°,  but  when  in 
powder  it  causes  the  combination  of  oxygen  and 
hydrogen  gas,  if  it  be  heated  to  248°. 

*  Schweigger's  Jahrbuch,  viii.  321. 
f  Annals  of  Philosophy,  (2d  series)  vi.  466. 
J  Ann.  de  Chim.  et  de  Phys.  xxiv.  380. 
II  Ibid,  xxiii.  440. 
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chap.  v.       Even    charcoal,    pumice,    porcelain,  glass,    and 

Also  other  rock  crystal,  determine  the  combination  of  oxygen 

bodies.       an(j  ny(jrOgen  gases,  at  a  temperature  below  662°.* 

When  the  fragments  of  glass  employed  were  angular 

they  produced  twice  the  effect  of  the  same  quantity 

of  glass,  consisting  of  rounded  fragments. 

Thenard  and  Dulong  found  that  platinum,  in  all 
states,  and  likewise  all  the  other  bodies,  gradually 
lose  this  property  of  becoming  incandescent,  by 
exposure  to  the  air.  But  the  property  may  be 
restored  again  at  pleasure,  simply  by  heating  the 
bodies  red  hot,  and  allowing  them  to  cool ;  or  by 
plunging  them  into  nitric  acid,  either  cold  or  hot, 
allowing  them  to  remain  for  some  time  in  it,  then 
drying  them  in  a  heat  of  about  390°.  The  acid 
may  now  be  washed  off'  with  water,  or  even  with  an 
alkaline  ley,  without  depriving  the  spongy  mass  of 
its  property.  Concentrated  sulphuric  acid,  or 
muriatic  acid,  may  be  substituted  for  nitric  acid, 
but  they  do  not  answer  so  well.t 

thLeory°f  ^ne  theory  °f  this  curious  process  seems  con- 
nected with  the  capillary  attraction  for  oxygen  gas 
of  the  small  pores  in  the  spongy  platinum.  It  has 
been  proved  by  the  experiments  of  Count  Morozzo, 
and  M.  de  Saussure,  junior,  that  the  pores  of  char- 
coal, and  other  porous  bodies,  have  the  property  of 
absorbing  certain  gaseous  substances  so  copiously, 
that  they  exist  within  the  pores  in  a  condensed 
state.  Thus  charcoal  absorbs  9i  times  its  own 
bulk  of  oxygen  gas.  We  may  admit  that  the  oxy- 

*  Ann.  de  Chim.  et  de  Phys.  xxiv.  381.         }  Ibid.  p.  383, 
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gen  of  the  atmosphere  is  condensed  to  this  amount  Chap.  v. 
in  spongy  platinum.  Count  Morozzo  found  that 
when  charcoal  thus  impregnated  with  oxygen  gas 
is  placed  in  contact  with  hydrogen  gas,  the  two 
gases  combine,  and  water  is  formed.  We  may 
admit  that  when  the  hydrogen  gas  strikes  the  sur- 
face of  the  spongy  platinum,  combination  takes 
place,  and  some  water  is  formed.  This  occasions 
the  evolution  of  heat,  which  elevates  the  tempera- 
ture of  the  spongy  platinum  in  consequence  of  its 
small  capacity  for  heat,  and  its  imperfect  conduct- 
ing power.  This  elevation  occasions  the  formation 
of  water  in  that  part  of  the  jet  which  strikes  the 
platinum,  as  it  consists  of  a  mixture  of  hydrogen 
and  common  air.  Thus  more  heat  is  evolved,  the 
platinum  becomes  red  hot,  and  the  combustion 
goes  on  precisely,  as  when  the  red  hot  platinum 
coil  is  left  in  contact  with  the  vapour  of  alcohol. 
When  the  spongy  platinum  loses  its  property  of 
becoming  red  hot,  the  reason  probably  is  that  it  has 
lost  the  property  of  condensing  oxygen  gas  in  its 
pores.  The  ignition,  or  the  action  of  nitric  acid, 
would  seem  to  restore  this  property. 

11.  Dobereiner  found  that  when  a  little  spongy  Platinum 

Wf   with  clay 

platinum  was  made  up  into  a  ball  with  pipe-clay  of 


about  the  size  of  a  pea,  and  baked  in  an  incipient  nation  of 

oxygen  and 

red  heat,  to  make  the  whole  adhere  together,  these  hydrogen. 
balls  possessed  a  similar  action  upon  a  mixture  of 
oxygen  and  hydrogen  gases,  as  the  spongy  plati- 
num itself.  When  let  up  into  a  jar  containing  a 
mixture  of  oxygen  and  hydrogen  gases  in  the 
requisite  proportions,  the  two  gases  combine  with 
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chap.  v.  great  rapidity,  and  in  a  few  minutes,  and  are  con- 
"  verted  into  water.     A  highly  valuable  and  instruc- 
tive set  of  experiments  on  the  use  of  these  platinum 
balls  in  the  analysis  of  combustible  gases,  has  been 
made  by  Dr.  Henry.* 

He  confirmed  the  results  obtained  by  Dobereiner, 
by  letting  up  a  platinum  ball  (previously  heated  to 
redness  by  the  blow-pipe,  and  just  allowed  to  cool) 
into  an  explosive  mixture  of  2  volumes  of  hydrogen 
gas,  and  one  volume  of  oxygen. 
itsaction  When  carbonic  oxide  gas  is  mixed  with  this 

on  carbonic  & 

oxide.  explosive  mixture,  and  a  platinum  ball  let  up,  the 
carbonic  oxide  is  first  acted  on,  and  converted  into 
carbonic  acid.  If  the  quantity  of  oxygen  be  suffi- 
cient, the  hydrogen  also  is  converted  into  water, 
and  an  explosion  almost  always  takes  place. 

on  defiant  When  olefiant  gas  is  mixed  with  the  explosive 
mixture,  and  in  equal  volumes  with  it,  and  a  plati- 
num ball  is  let  up,  the  explosive  mixture  is  rapidly 
converted  into  water,  while  not  above  roth  or  ^th 
of  the  olefiant  gas  is  consumed.  The  action  on  the 
olefiant  gas  is  greater  when  the  explosive  mixture 
exceeds  the  volume  of  the  olefiant  gas.  Thus  when 
%$  volumes  of  the  explosive  mixture  is  mixed  with 
1  volume  of  olefiant  gas,  about  ^th  of  the  olefiant 
gas  is  consumed.  When  the  oxygen  gas  present  is 
sufficient  to  saturate  both  the  hydrogen  and  olefiant 
gas,  then  in  general  the  action  is  much  more 
rapid,  and  both  gases  are  consumed. 

SueThy."       When  carburetted  hydrogen  gas  is  added  to  the 

drogen. 

*  Phil.  Trans.  1824,  p.  266. 
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explosive  mixture,  and   a  platinum  ball  is  let  up,  ChaP-  v- 
the  hydrogen  and  oxygen  combine  rapidly  into  ~~ 
water,  but  the  carburetted  hydrogen  is  not  acted 
on  at  all,  unless  the  quantity  of  oxygen  gas  present 
be  very  considerable,  and  even  then  the  action  is 
very  imperfect. 

When  we  make  a  mixture  of  carbonic  oxide, 
carburetted  hydrogen,  and  oxygen  gases,  and  let 
up  a  platinum  ball,  the  carbonic  oxide  is  converted 
into  carbonic  acid,  but  the  carburetted  hydrogen 
remains  unacted  on. 

When  the  mixture  consists  of 

Hydrogen, 
Carbonic  oxide, 
Carburetted  hydrogen, 
Oxygen, 

the  two  first  gases  combine  with  oxygen,  and 
undergo  combustion,  but  the  carburetted  hydrogen 
remains  unaltered.  If  olefiant  gas  be  present,  it  is 
also  partly  consumed. 

When  these  four  inflammable  gases  are  mixed 
together  with  oxygen,  and  exposed  to  the  action 
the  platinum  ball,  the  carbonic  oxide  is  first  con- 
verted into  carbonic  acid,  then  the  hydrogen  is  con- 
verted  into  water.  The  olefiant  gas  is  next  acted 
on,  but  only  imperfectly,  and  the  carburetted 
hydrogen  is  not  acted  on  at  all. 

This  order  obviously  depends  upon  the  tempera- 
ture necessary  to  occasion  the  combustion  of  each 
of  these  gases.  Davy  ascertained  that  hydrogen 
gas  and  oxygen  combine  silently,  and  form  water 
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chap.  v.  at  a  temperature  between  662°  and  800° — that  car- 
bonic oxide  is  as  easily  consumed  as  hydrogen — 
that  olefiant  gas  requires  a  red  heat — and  carbu- 
retted  hydrogen  a  white  heat,  to  cause  them  to  burn. 

Dr.  Henry  ascertained  that  when  a  platinum 
ball  is  let  up  into  a  mixture  of  carbonic  oxide  gas 
and  oxygen,  the  two  gases  begin  to  unite  slowly 
when  heated  to  the  temperature  of  300°,  and  they 
unite  rapidly  at  340°. 

Olefiant  gas  and  oxygen  begin  to  combine  at 
480°,  and  are  slowly,  but  completely,  consumed  at 
520°.  But  a  mixture  of  carburetted  hydrogen  and 
oxygen  is  not  in  the  least  acted  on  when  heated  to 
555°.  Nor  is  a  mixture  of  cyanogen  and  oxygen 
acted  on  though  heated  to  the  same  temperature. 

A  mixture  of  muriatic  acid  and  oxygen  gas, 
begins  to  be  acted  on  by  the  platinum  ball,  and 
water  to  be  formed,  when  the  temperature  is  raised 
to  250°,  and  a  mixture  of  ammonia  and  oxygen  at 
the  temperature  of  380°. 

The  following  table  shows  the  effect  of  various 
gases,  in  preventing  the  action  of  the  platinum  ball 
on  an  explosive  mixture  of  oxygen  and  hydrogen 
gases,  constituting  1  volume  according  to  the  expe- 
riments of  Dr.  Henry. 

Not  prevented  by  many  volumes  of  Hydrogen 
• Azote 


by  10  volumes  of      Oxygen 
Protoxide  of  Azote 


Prevented  by  1  volume  of  Cyanogen 

Not  prevented  by  10  volumes  of       Carburetted  hydrogen 

Prevented  by  £  volume  of  Carbonic  oxide 
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Prevented  by  1*5  volume  of  Olefiant  gas  Chap.  V. 

Not  prevented  by  6  volumes  of         Muriatic  acid 

10  volumes  of       Ammonia 

Carbonic  acid. 

Dr.  Henry  has  ingeniously  applied  these  facts  to 
the  analysis  of  mixtures  of 
Olefiant  gas, 
Hydrogen, 
Carbonic  oxide, 
Carburetted  hydrogen. 

The  olefiant  gas  is  removed  by  chlorine,  and  its 
volume  determined.  Then  oxygen  gas  is  mixed 
with  the  mixture  of  the  three  remaining  gases,  and 
a  platinum  ball  let  up.  The  carbonic  oxide  is  con- 
verted into  carbonic  acid,  and  the  hydrogen  into 
water.  Caustic  potash  by  absorbing  the  carbonic 
acid  determines  the  volume  of  carbonic  oxide. 
Two-thirds  of  the  diminution  of  volume  (subtract- 
ing the  carbonic  oxide)  is  the  volume  of  hydrogen. 
Nothing  remains  but  the  carburetted  hydrogen, 
which  being  mixed  with  oxygen  gas  in  the  requi- 
site proportion,  is  fired  by  electricity,  and  its  quan- 
tity determined  in  the  usual  way. 

12.  The  first  attempt  to  explain  combustion  was  First  ex- 

..  ,  .    n  .  planationof 

crude  and  unsatisfactory.  A  certain  elementary  co 
body,  called  Jire,  was  supposed  to  exist,  possessed 
of  the  property  of  devouring  certain  other  bodies, 
and  converting  them  into  itself.  When  we  set  fire 
to  a  grate  full  of  charcoal,  we  bring,  according  to 
this  hypothesis,  a  small  portion  of  the  element  of 
fire,  which  immediately  begins  to  devour  the  char- 
coal, and  to  convert  it  into  fire.  Whatever  part  of 


turn. 
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Chap.  v.  the  charcoal  is  not  fit  for  being  the  food  of  fire  is 
left  behind  in  the  form  of  ashes. 

0?3ookeSis  A  mucn  more  ingenious  and  satisfactory  hypo- 
thesis was  proposed  in  1665  by  Dr.  Hooke.  Ac- 
cording to  this  extraordinary  man,  there  exists  in 
common  air  a  certain  substance  which  is  like,  if  not 
the  very  same  with,  that  which  is  fixed  in  saltpetre. 
This  substance  has  the  property  of  dissolving  all 
combustibles  ;  but  only  when  their  temperature  is 
considerably  raised.  The  solution  takes  place  with 
such  rapidity,  that  it  occasions  both  heat  and  light ; 
which  in  his  opinion  are  mere  motions.  The  dis- 
solved substance  is  partly  in  the  state  of  air,  partly 
coagulated  in  a  liquid  or  solid  form.  The  quantity 
of  this  solvent  present  in  a  given  bulk  of  air  is  in- 
comparably less  than  in  the  same  bulk  of  saltpetre. 
Hence  the  reason  that  a  combustible  continues 
burning  but  for  a  short  time  in  a  given  bulk  of 
air :  the  solvent  is  soon  saturated,  and  then  of  course 
the  combustion  is  at  an  end.  Hence  also  the 
reason  that  combustion  succeeds  best  when  there  is 
a  constant  supply  of  fresh  air,  and  that  it  may  be 
greatly  accelerated  by  forcing  in  air  with  bellows.* 
About  ten  years  after  the  publication  of  Hooke's 
Micrographia,  his  theory  was  adopted  by  Mayow, 
without  acknowledgment,  in  a  tract  which  he 
published  at  Oxford  on  saltpetre.t  We  are  in- 
debted to  him  for  a  number  of  very  ingenious  and 
important  experiments,  in  which  he  anticipated 

•"     *  Hooke's  Micrographia,  p.  103.     See  also  his  Lampas. 
|  De  Sal-nitro  et  Spiritu  Nitro-aereo. 
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several  modern  chemical  philosophers ;  but  his  ChaP- v 
reasoning  is  for  the  most  part  absurd,  and  the 
additions  which  he  made  to  the  theory  of  Hooke 
are  exceedingly  extravagant.  To  the  solvent  of 
Hooke  he  gives  the  name  of  spiritus  nitro-aereus. 
It  consists,  he  supposes,  of  very  minute  particles, 
which  are  constantly  at  variance  with  the  particles 
of  combustibles,  and  from  their  quarrels  all  the 
changes  of  things  proceed.  Fire  consists  in  the 
rapid  motion  of  these  particles,  heat  in  their  less 
rapid  motion.  The  sun  is  merely  nitro-aerial  parti- 
cles moving  with  great  rapidity.  They  fill  all 
space.  Their  motion  becomes  more  languid  ac- 
cording to  their  distance  from  the  sun ;  and  when 
they  approach  near  the  earth,  they  become  pointed, 
and  constitute  cold.* 

The  attention  of  chemical  philosophers  was  soon  " 
drawn  away  from  the  theory  of  Hooke  and  Mayow  and  Stahl 
to  one  of  a  very  different  kind,  first  proposed  by 
Beecher,  but  new-modelled  by  his  disciple  Stahl 
with  so  much  skill,  arranged  in  such  an  elegant 
systematic  form,  and  furnished  with  such  numerous, 

*  Though  Mayow's  theory  was  not  original,  and  though  his 
additions  to  it  be  absurd,  his  tract  itself  displays  great  genius,  and 
contains  a  vast  number  of  new  views,  which  have  been  fully  con- 
firmed by  the  recent  discoveries  in  chemistry.  He  pointed  out  the 
cause  of  the  increase  of  weight  in  metals  when  calcined ;  he  ascer- 
tained the  changes  produced  upon  air  by  respiration  and  combus- 
tion ;  and  employed  in  his  researches  an  apparatus  similar  to  the 
present  pneumatic  apparatus  of  chemists.  Perhaps  the  most  curious 
part  of  the  whole  treatise  is  his  fourteenth  chapter,  in  which  he 
displays  a  much  more  accurate  knowledge  of  affinities,  than  any  of 
his  contemporaries,  or  even  successors  for  many  years. 
I.  Y 
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Chap.  v.  appropiate,  and  convincing  illustrations,  that  it 
almost  instantly  caught  the  fancy,  raised  Stahl  to 
the  highest  rank  among  philosophers,  and  consti- 
tuted him  the  founder  of  the  Stahlian  theory  of 
combustion. 

According  to  Stahl,  alt  combustible  substances 
contain  in  them  a  certain  body,  known  by  the  name 

Phlogiston,  of  PHLOGISTON,  to  which  they  owe  their  combusti- 
bility. This  substance  is  precisely  the  same  in  all 
combustibles.  These  bodies  of  course  owe  their 
diversity  to  other  ingredients  which  they  contain, 
and  with  which  the  phlogiston  is  combined.  Com- 
bustion, and  all  its  attendant  phenomena,  depend 
upon  the  separation  and  dissipation  of  this  principle : 
and  when  it  is  once  separated,  the  remainder  of 
the  body  is  incombustible.  Phlogiston,  according 
to  Stahl,  is  peculiarly  disposed  to  be  affected  by  a 
violent  whirling  motion.  The  heat  and  the  light, 
which  make  their  appearance  during  combustion, 
are  merely  two  properties  of  phlogiston  when  in  this 
state  of  violent  agitation. 

The  celebrated  Macquer  was  one  of  the  first 
persons  who  perceived  a  striking  defect  in  this 
theory  of  Stahl.  Sir  Isaac  Newton  had  proved 
that  light  is  a  body ;  it  was  absurd,  therefore,  to 
make  it  a  mere  property  of  phlogiston  or  the  ele- 
ment of  fire.  Macquer  accordingly  considered 
phlogiston  as  nothing  else  but  light  fixed  in  bodies. 
This  opinion  was  embraced  by  a  great  number  of 
the  most  distinguished  chemists ;  and  many  ingeni- 
ous arguments  were  brought  forward  to  prove  its 
truth.  But  if  phlogiston  be  only  light  fixed  in 
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bodies,  whence  comes  the  heat  that  manifests  itself  Chftp-  v- 
during  combustion  ?  Is  this  heat  merely  a  property 
of  light  ?  Dr.  Black  proved  that  heat  is  capable  of 
combining  with,  or  becoming  fixed  in  bodies  which 
are  not  combustible,  as  in  ice  or  water ;  and  con- 
cluded of  course,  that  it  is  not  a  property  but  a 
body.  This  obliged  philosophers  to  take  another 
view  of  the  nature  of  phlogiston. 

According  to  them,  there  exists  a  peculiar  matter,  Considered 

'  as  a  subtile 

extremely  subtile,  capable  of  penetrating  the  densest 
bodies,  astonishingly  elastic,  and  the  cause  of  heat, 
light,  magnetism,  electricity,  and  even  of  gravita- 
tion. This  matter,  the  ether  of  Hooke  and  New- 
ton, is  also  the  substance  called  phlogiston,  which 
exists  in  a  fixed  state  in  combustible  bodies.  When 
set  at  liberty,  it  gives  to  the  substances  called  caloric 
and  light  those  peculiar  motions  which  produce  in 
us  the  sensations  of  heat  and  light.  Hence  the 
appearance  of  caloric  and  light  in  every  case  of 
combustion ;  hence,  too,  the  reason  that  a  body 
after  combustion  is  heavier  than  it  was  before ;  for 
as  phlogiston  is  itself  the  cause  of  gravitation,  it 
would  be  absurd  to  suppose  that  it  possesses  gravi- 
tation. It  is  more  reasonable  to  consider  it  as 
endowed  with  a  principle  of  levity. 

Some  time  after  this  last  modification  of  the 
phlogistic  theory,  Dr.  Priestley,  who  was  rapidly 
extending  the  boundaries  of  pneumatic  chemistry, 
repeated  many  experiments  formerly  made  on 
combustion  by  Hooke,  Mayow,  Boyle,  and  Hales, 
besides  adding  many  of  his  own.  He  soon  found, 
as  they  had  done  before  him,  that  the  air  in  which 


324  OF  COMBUSTION. 

chap.  v.  combustibles  had  been  suffered  to  burn  till  they 
"  were  extinguished,  had  undergone  a  very  remark- 
able change  ;  for  no  combustible  would  afterwards 
burn  it,  and  no  animal  could  breathe  it  without 
suffocation.  He  concluded  that  this  change  was 
owing  to  phlogiston ;  that  the  air  had  combined 
with  that  substance ;  and  that  air  is  necessary  to 
combustion,  by  attracting  the  phlogiston,  for  which 
it  has  a  strong  affinity.  If  so,  the  origin  of  the 
heat  and  light  which  appear  during  combustion 
remains  to  be  accounted  for ;  since  phlogiston,  if 
it  separates  from  the  combustible  merely  by  com- 
bining with  air,  cannot  surely  act  upon  those  bodies 
in  whatsoever  state  we  may  suppose  them. 

rivTd  from       The  celebrated  Dr.  Crawford  was  the  first  person 

the  air.  wj]Q  attempted  to  solve  this  difficulty,  by  applying 
to  the  theory  of  combustion  Dr.  Black's  doctrine 
of  latent  heat.  According  to  him,  the  phlogiston 
of  the  combustible  combines  during  combustion 
with  the  air,  and  at  the  same  time  separates  the  heat 
and  light  with  which  that  fluid  had  been  previously 
united.  The  heat  and  the  light,  then,  which 
appear  during  combustion,  exist  previously  in  the 
air.  This  theory  was  very  different  from  Stahl's, 
and  certainly  a  great  deal  more  satisfactory.  But 
still  the  question,  What  is  phlogiston  ?  remained  to 
to  be  answered. 

Phlogiston       Mr.  Kir  wan,  who  had  already  raised  himself  to 

considered  f  * 

as  hydro-  a  high  rank  among  chemical  philosophers,  by  many 
ingenious  investigations  of  some  of  the  most  diffi- 
cult parts  of  the  science,  attempted  to  answer  this 
question,  and  to  prove  that  phlogiston  is  the  same 
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with  hydrogen.  This  opinion,  which  Mr.  Kirwan  ChaP-  v- 
informs  us  was  first  suggested  by  the  discoveries  of 
Dr.  Priestley,  met  with  a  very  favourable  reception 
from  the  chemical  world,  and  was  adopted  either 
in  its  full  extent,  or  with  certain  modifications,  by 
Bergman,  Morveau,  Crell,  Wiegleb,  Westrumb, 
Hermbstadt,  Karsten,  Bewley,  Priestley,  and  Dela- 
metherie.  The  object  of  Mr.  Kirwan  was  to  prove, 
that  hydrogen  exists  as  a  component  part  of  every 
combustible  body ;  that  during  combustion  it  sepa- 
rates from  the  combustible  body,  and  combines 
with  the  oxygen  of  the  air.  This  he  attempted  in 
a  treatise  published  on  purpose,  intitled,  An  Essay 
on  Phlogiston  and  the  Constitution  of  Acids  * 

During  these  different  modifications  of  the  Stah- 

*  I  have  omitted,  in  the  historical  view  given  in  the  text,  the 
hypothesis  published  in  1777  by  Mr.  Scheele,  one  of  the  most 
extraordinary  men  that  ever  existed.     When  very  young,  he  was 
bound  apprentice  to  an  apothecary  at  Gottenburgh,  where  he  first 
felt  the  impulse  of  that  genius  which  afterwards  made  him  so  con- 
spicuous.    He  durst  not  indeed  devote  himself  openly  to  chemical 
experiments ;  but  he  contrived  to  make  himself  master  of  that 
science  by  devoting  those  hours  to  study  which  were  assigned  him 
for  sleep.     He  afterwards   went  to   Sweden,   and  settled  as  an 
apothecary  at  Ko'ping.     Here  Bergman  first  found  him,  saw  his 
merit,  and  encouraged  it,  adopted  his  opinions,  defended  him  with 
zeal,  and  took  upon  himself  the  charge  of  publishing  his  treatises. 
Encouraged  and  excited  by  this  magnanimous  conduct,  the  genius 
of  Scheele,  though  unassisted  by  education  or  wealth,  burst  forth 
with  astonishing  lustre ;  and  at  an  age  when  most  philosophers  are 
only  rising  into  notice,   he  had  finished  a  career  of  discoveries 
which  have  no  parallel   in  the  annals   of  chemistry.      Whoever 
wishes   to  behold   ingenuity  combined  with   simplicity,   whoever 
wishes  to   see  the  inexhaustible   resources  of  chemical  analysis ; 
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chap.  v.  lian  theory,  the  illustrious  Lavoisier  was  assiduously 
~~  occupied  in  studying  the  phenomena  of  combustion. 
He  seems  to  have  attached  himself  to  this  subject, 
anc^ to  nave  seen  ^ne  defects  of  the  prevailing  theory 
as  early  as  1770.  The  first  precise  notions,  how- 
ever, of  what  might  be  the  real  nature  of  combus- 
tion, were  suggested  to  him  by  Bayen's  paper  on 
the  oxides  of  mercury,  which  he  heard  read  before 
the  Academy  of  Sciences  in  1774.  These  first 
notions,  or  rather  conjectures,  he  pursued  with 
unwearied  industry,  assisted  by  the  numerous  dis- 
coveries which  were  pouring  in  from  all  quarters ; 
and  by  a  long  series  of  the  most  laborious  and 

whoever  wishes  for  a  model  in  chemical  researches — has  only  to 
peruse  and  to  study  the  works  of  Scheele. 

In  1777,  Scheele  published  a  treatise,  entitled  Chemical  Experi- 
ments on  Ait  and  Fire,  which  perhaps  exhibits  a  more  striking 
display  of  the  extent  of  his  genius  than  all  his  other  publications 
put  together.  After  a  vast  number  of  experiments,  conducted 
with  astonishing  ingenuity,  he  concluded,  that  caloric  is  composed 
of  a  certain  quantity  of  oxygen  combined  with  phlogiston  ;  that 
radiant  heat,  a  substance  which  he  supposed  capable  of  being  pro- 
pagated in  straight  lines  like  light,  and  not  capable  of  combining 
with  air,  is  composed  of  oxygen  united  with  a  greater  quantity  of 
phlogiston,  and  light  of  oxygen  united  with  a  still  greater  quantity. 
He  supposed,  too,  that  the  difference  between  the  rays  depends 
upon  the  quantity  of  phlogiston :  the  red,  according  to  him,  con- 
tains the  least;  the  violet  the  most  phlogiston.  By  phlogiston, 
Mr.  Scheele  seems  to  have  meant  hydrogen.  It  is  needless,  there- 
fore, to  examine  his  theory,  as  it  is  now  known  that  the  combina- 
tion of  hydrogen  and  oxygen  forms  not  caloric  but  water.  The 
whole  fabric,  therefore,  has  tumbled  to  the  ground ;  but  the  im- 
portance of  the  materials  will  always  be  admired,  and  the  ruins  of 
the  structure  must  remain  eternal  monuments  of  the  genius  of  the 
builder. 
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accurate  experiments  and  disquisitions  ever  exhibited  chap,  v. 
in  chemistry,  he  fully  established  the  existence  of  ~ 
this  general  law — "  In  every  case  of  combustion, 
oxygen  combines  with  the  burning  body."     This 
noble  discovery,  the  fruit  of  genius,  industry,  and 
penetration,  has  reflected  new  light  on  every  branch 
of  chemistry,  has  connected  and  explained  a  vast 
number  of  facts  formerly  insulated  and  inexplicable, 
and  has  new-modelled  the  whole,  and  moulded  it 
into  the  form  of  a  science. 

After  Mr.  Lavoisier  had  convinced  himself  of  the 
existence  of  this  general  law,  and  had  published  his 
proofs  to  the  world,  it  was  some  time  before  he  was 
able  to  gain  a  single  convert,  notwithstanding  his 
unwearied  assiduity,  and  the  great  weight  which 
his  talents,  his  reputation,  his  fortune,  and  his  situa- 
tion, naturally  gave  him.  At  last  Mr.  Berthollet, 
at  a  meeting  of  the  Academy  of  Sciences  in  1785, 
solemnly  renounced  his  old  opinions,  and  declared 
himself  a  convert.  Mr.  Fourcroy,  professor  of 
chemistry  in  Paris,  followed  his  example.  And  in 
1787,  Morveau,  during  a  visit  to  Paris,  was  pre- 
vailed upon  to  relinquish  his  former  opinions,  and 
embrace  those  of  Lavoisier  and  his  friends.  The 
example  of  these  celebrated  men  was  soon  followed 
by  all  the  young  chemists  of  France. 

Mr.  Lavoisier's  explanation  of  combustion  de- 
pends upon  the  two  laws  discovered  by  himself  and 
Dr.  Black.  When  a  combustible  body  is  raised  to 
a  certain  temperature,  it  begins  to  combine  with 
the  oxygen  of  the  atmosphere,  and  this  oxygen 
during  its  combination  lets  go  the  caloric  and  light 
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Chap.  v.  with  which  it  was  combined  while  in  the  gaseous 
~  state.     Hence  their  appearance  during  every  com- 
bustion.    Hence  also  the  change  which  the  com- 
bustible undergoes  in  consequence  of  combustion. 

Thus  Lavoisier  explained  combustion  without 
having  recourse  to  phlogiston ;  a  principle  merely 
supposed  to  exist,  because  combustion  could  not  be 
explained  without  it.  No  chemist  had  been  able 
to  exhibit  phlogiston  in  a  separate  state,  or  to  give 
any  proof  of  its  existence,  excepting  only  its  con- 
veniency  in  explaining  combustion.  The  proof  of 
its  existence  consisted  entirely  in  the  impossibility 
of  explaining  combustion  without  it.  Mr.  Lavoisier, 
therefore,  by  giving  a  satisfactory  explanation  of 
combustion  without  having  recourse  to  phlogiston, 
proved  that  there  was  no  reason  for  supposing  any 
such  principle  at  all  to  exist. 

But  the  hypothesis  of  Mr.  Kirwan,  who  made 
phlogiston  the  same  with  hydrogen,  was  not  over- 
turned by  this  explanation,  because  there  could  be 
no  doubt  that  such  a  substance  as  hydrogen  actually 
exists.  But  hydrogen,  if  it  be  phlogiston,  must 
constitute  a  component  part  of  every  combustible, 
and  it  must  separate  from  the  combustible  in  every 
case  of  combustion.  These  were  points,  accordingly, 
which  Mr.  Kirwan  undertook  to  prove.  If  he 
failed,  or  if  the  very  contrary  of  his  supposition 
holds  in  fact,  his  hypothesis  of  course  fell  to  the 
ground. 

the  option      Lavoisier  and  his  associates  saw  at  once  the  im- 

of  Kirwan.  p0rtant  uses  which  might  be  made  of  Mr.  Kirwan's 

essay.     By  refuting  an  hypothesis  which  had  been 
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embraced  by  the  most  respectable  chemists  in  chap,  v 
Europe,  their  cause  would  receive  an  eclat  which 
would  make  it  irresistible.  Accordingly  the  essay 
was  translated  into  French,  and  each  of  the  sections 
into  which  it  was  divided  was  accompanied  by  a 
refutation.  Four  of  the  sections  were  refuted  by 
Lavoisier,  three  by  Berthollet,  three  by  Fourcroy, 
two  by  Morveau,  and  one  by  Monge.  And  to  do 
the  French  chemists  justice,  never  was  there  a  refu- 
tation more  complete.  Mr.  Kir  wan  himself,  with 
that  candour  which  distinguishes  superior  minds, 
gave  up  his  opinion  as  untenable,  and  declared 
himself  a  convert  to  the  opinion  of  Lavoisier. 

Thus  Mr.  Lavoisier  destroyed  the  existence  of 
phlogiston  altogether,  and  established  a  theory  of 
combustion  almost  precisely  similar  to  that  which 
had  been  proposed  long  ago  by  Dr.  Hooke.  The 
theory  of  Hooke  is  only  expressed  in  general  terms ; 
that  of  Lavoisier  is  much  more  particular.  The 
first  was  a  hypothesis  or  fortunate  conjecture  which 
the  infant  state  of  the  science  did  not  enable  him 
to  verify ;  whereas  Lavoisier  was  led  to  his  conclu- 
sions by  accurate  experiments  and  a  train  of  ingeni- 
ous and  masterly  deductions. 

According  to  the  theory  of  Lavoisier,  combustion 
consists  in  two  things :  first,  a  decomposition ; 
second,  a  combination.  The  oxygen  of  the  atmo- 
sphere being  in  the  state  of  gas,  is  combined  with 
heat  and  light.  During  combustion  this  gas  is 
decomposed,  its  heat  and  light  escape,  while  its  base 
combines  with  the  combustible  and  forms  the  pro- 
duct. This  product  is  incombustible  ;  because  its 


common 
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chap.  v.  base,  being  already  saturated  with  oxygen,  cannot 

combine  with  any  more. 
Lavoisier's       13.   But  the  theory  of  Lavoisier  was  intended 

theory  only  m  J 

applies  to    only  to  explain  the  combustion  of  bodies  surrounded 

rmunum  »  A 

with  atmospherical  air  or  oxygen  gas.  It  does  not 
apply  in  so  satisfactory  a  manner,  when  both  the 
supporter  and  the  combustible  are  in  a  solid  state, 
and  when  the  product  is  gaseous.  This  is  the  case 
with  gunpowder  which  is  an  intimate  mixture  of 
nitre,  charcoal,  aud  sulphur.  The  saltpetre  contains 
abundance  of  oxygen  in  a  solid  state.  It  is  the 
rapid  union  of  this  oxygen  with  the  charcoal  and 
sulphur,  and  the  conversion  of  them  into  carbonic 
acid  and  sulphurous  acid,  which  occasions  the 
violent  combustion  and  explosive  property  of  gun- 
powder. Nor  does  it  explain  the  evolution  of  fire, 
when  sulphur  combines  rapidly  with  copper,  or 
phosphorus  with  barytes  or  strontian  or  lime. 
These  and  many  other  similar  phenomena,  have  led 
modern  chemists  to  the  opinion,  that  combustion  is 
a  consequence  of  the  rapid  or  sudden  union  of 
bodies  with  each  other. 

Sir  H.  Davy  (and  his  opinion  has  been  embraced 
tridtvelec~  ky  Professor  Berzelius)  has  gone  a  step  farther,  and 
endeavoured  to  explain  the  way  in  which  chemical 
affinity  acts  with  such  energy.  According  to  him, 
all  bodies  having  an  affinity  for  each  other  are  in 
different  states  of  electricity,  the  one  plus  and  the 
other  minus.  The  more  intensely  any  body  is  plus 
and  another  minus,  with  the  more  energy  will  they 
unite,  and  the  more  violent  will  be  the  phenomena 
of  combustion  which  they  will  exhibit  during  their 
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union.     Thus  oxygen  is  highly  negative,  and  hydro-  chap.  v. 
gen  highly  positive.    Hence  the  energy  with  which 
they  unite,  and  the  great  heat  evolved. 

Winterljand  Oerstedt  went  a  step  farther,  and 
endeavoured  to  account  for  the  heat  and  the  light 
which  appear  when  bodies  unite  with  great  energy. 
Plus  or  vitreous  electricity,  and  minus  or  resinous 
electricity,  in  the  opinion  of  the  majority  of  electri- 
cians, consist  each  of  a  particularjtfwzW.  These  two 
fluids  have  a  strong  affinity  for  each  other ;  and 
when  they  unite,  they  constitute  (in  the  opinion  of 
Winterl  and  Oerstedt)  Jire.  Hence  when  a 
vitreously  electric  body  unites  with  a  resinously 
electric  body,  the  two  fluids  combine  as  well  as  the 
bodies  in  which  they  were  inherent,  and  make  their 
escape  under  the  form  ofjire. 

We  shall  not  inquire  how  far  the  two  parts  of 
this  hypothesis  are  consistent  with  each  other,  or 
how  far  the  doctrine  of  permanent  electric  states  is 
consistent  with  the  phenomena  of  electricity.  It 
will  be  better  to  reserve  all  discussions  respecting 
the  electric  theory  of  chemical  combination  and 
combustion,  till  we  have  taken  a  view  of  the  prin- 
cipal electric  facts  which  have  been  ascertained  ; 
which  will  constitute  the  subject  of  the  second  part 
of  this  volume. 


CHAPTER  VI. 

OF  THE  NATURE  OF  HEAT. 


Chap.  vi.  HAVING  made  ourselves  acquainted  with  the  effects 
which  heat  produces  on  bodies,  it  may  be  worth 
while  to  make  a  few  observations  upon  the  opinion 
which  this  knowledge  is  calculated  to  induce  us  to 
form  respecting  the  nature  of  heat.  Philosophers 
are  at  present  divided  in  their  sentiments  on  this 
subject.  Some  consider  heat  as  a  peculiar  sub- 
stance, which  produces  all  the  different  phenomena 
which  we  have  described,  by  entering  into  bodies 
combining  with  them  or  leaving  them.  While 
others  think  that  it  is  a  property  of  matter,  a  motion 
of  a  particular  kind,  the  nature  of  which  has  never 
been  explained  in  a  satisfactory  manner. 

Heat  con-       During  the  lyth  century,  from  the  time  of  Bacon 

sidered  as  a  ,  _  ,  n    , 

property     to  that  of  Newton,  the  latter  of  these  opinions  pre- 

and  asa  'ii  i  « 

peculiar  vailed,  at  least  in  this  country,  almost  universally. 
During  the  18th  century  the  former  opinion  was 
equally  prevalent  ;  probably  from  the  popularity  of 
Cullen  and  Black,  both  of  whom  taught  it  in  their 
lectures.  Since  the  beginning  of  the  present  century 
some  of  the  most  popular  writers  on  Chemistry  in 
this  country  have  reverted  to  the  old  opinion. 
This  was  first  done  by  Count  Rumford,  who  pub- 
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lished  some  curious  experiments,  incompatible,  in  ChaP- 
his  opinion,  with  the  opinion  that  heat  is  a  body. 
His  example  was  followed  by  Sir  Humphry  Davy, 
and  Dr.  Thomas  Young. 

1.  From  the  most  careful  experiments  that  it  has 
been  possible  to  make,  it  may  be  concluded  that  weisht- 
no  accumulation  of  heat  in  bodies  produces  any 
alteration  whatever  in  their  weight.     Dr.  Fordyce, 
indeed,  drew,  as  a  conclusion  from  an  experiment 

of  his,  that  when  water  is  frozen  into  ice  it  becomes 
sensibly  heavier.*  But  Count  Rumford,  on  repeat- 
ing this  experiment,  found  no  sensible  difference  in 
the  weight  of  the  ice  and  water.  We  may  there- 
fore conclude,  that  the  apparent  increase  of  weight 
observed  by  Dr.  Fordyce  was  owing  to  the  con- 
densation of  aqueous  vapours  upon  the  surface 
of  the  glass  vessel  containing  the  frozen  water.t 
Lavoisier  had  already  come  to  the  same  conclusion 
from  his  experiments,  which  seem  to  have  been 
made  with  the  most  scrupulous  attention  to  accu- 
racy. —  It  cannot  be  shown  then  that  heat,  suppos- 
ing it  a  peculiar  substance,  possesses  gravitation. 

2.  The  first  three  of  the  effects  of  heat  are  best  First  three 

effects  best 


explained  by  considering  heat  as  a  substance, 
Indeed  it  is  difficult  to  form  any  clear  conceptions 
of  them  upon  any  other  supposition.  If  heat  be  a  body- 
peculiar  substance  there  is  no  difficulty  in  conceiv- 
ing how,  by  its  entering  into  bodies,  it  increases 
their  bulk,  and  how  the  bulk  diminishes  when  it  is 
withdrawn.  There  is  no  difficulty  in  conceiving 

*  Phil.  Trans.  1785,  p.  361.         f  Ibid.  1799,  p.  179. 
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chap.  vi.  how  more  heat  may  be  requisite  to  produce  a  given 
effect  upon  one  body  than  upon  another,  or  why 
the  specific  heat  of  different  bodies  is  different,  on 
the  supposition  that  heat  is  a  body.  Though  if 
heat  were  mere  motion,  neither  the  property  which 
it  has  to  expand  bodies,  nor  the  different  capacity 
of  bodies  for  heat,  could  be  explained  in  a  satisfac- 
tory manner.  The  radiation  of  heat  admits  of  an 
equally  simple  explanation,  if  heat  be  a  body,  and 
so  do  fluidity  and  evaporation. 

Thus  these  three  effects  of  heat  would  lead  us  to 
consider  heat  as  a  peculiar  kind  of  body.  Accord- 
ingly this  is  the  opinion  which  all  those  persons 
have  adopted  who  have  turned  their  chief  attention 
to  expansion,  specific  heat,  radiation,  fluidity,  and 
evaporation. 

t^tfitbe  3*  ^llt  ignition  and  combustion  do  not  admit  of 
a  property.  so  easy  an  explanation,  if  we  admit  heat  to  be  a 
body.  We  cannot  give  an  intelligible  explanation 
of  ignition  without  admitting  that  heat  and  light 
are  mutually  convertible  into  each  other.  But  if 
this  mutual  convertibility  were  admitted,  there  is 
nothing  in  the  phenomena  of  ignition  incompatible 
with  the  notion  that  heat  is  a  substance. 

But  no  satisfactory  explanation  of  the  evolution 
of  heat  and  light,  during  every  case  of  combustion, 
has  been  yet  given,  flowing  from  the  opinion  that 
heat  is  a  peculiar  substance.  It  would  be  much 
easier  to  explain  it,  if  we  were  permitted  to  consi- 
der heat  rather  as  a  property  of  matter  than  as  a 
substance  sui  generis.  We  might  then  assign  a 
reason  why  it  should  make  its  appearance  in  all 


OF  THE  NATURE  OF  HEAT*  335 

cases  of  rapid  combination,  and  never  in  any  other  Char-  vi. 
case.  The  explanation  that  the  fire  evolved  during 
combustion,  is  merely  a  union  of  the  plus  and 
minus  electricity,  with  which  the  bodies  combining 
together  were  charged,  appears  at  first  sight  plausi- 
ble ;  but  it  will  not  bear  a  rigid  examination.  For 
it  is  incompatible  with  the  very  hypothesis  from 
which  it  professes  to  flow.  For  if  chemical  affinity 
be  merely  the  consequence  of  different  states  of 
electricity,  and  if  bodies  unite  merely  because  they 
are  in  different  electrical  states,  it  is  clear  that  they 
could  not  continue  united  unless  these  different 
electrical  states  were  permanent.  But  if  the  plus 
and  minus  electricity  were  to  combine  and  fly  off 
under  the  form  of  fire,  there  would  be  an  end  of 
the  different  electrical  states  which  caused  the 
bodies  to  unite,  and,  of  course,  they  would  cease  to 
continue  united,  which  is  contrary  to  matter  of 
fact. 

The  phenomena  of  combustion  then  accord 
better  with  the  notion  that  heat  is  a  mere  property 
of  matter,  while  the  other  effects  of  heat  agree 
better  with  the  opinion  that  it  is  a  body. — Neither 
supposition  will  enable  us  to  explain  all  the  pheno- 
mena. I  think,  therefore,  that  it  will  be  safest  for 
us,  in  the  present  state  of  our  knowledge,  to 
acknowledge  our  inability  to  solve  this  difficult  pro- 
blem, and  to  confess  that  we  are  incompetent  to 

Whether 

decide  whether  it  be  a  substance  or  a  quality.  the  pheno- 

4.  But  Sir  Humphry  Davy  and  Count  Rumford  heat  and 

.  1-11  •  combustion 

have  made  experiments,  which  they  think  mcom-i>eincompa- 

11         ••  -IT  tible  with 

patible  with  the  opinion  that  heat  is  a  body.  i»eat  being 
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chap.  vi.  Davy  found  that  a  thin  metallic  plate  was  heated 
by  friction  in  the  exhausted  receiver  of  an  air-pump, 
even  when  the  apparatus  was  insulated  from  bodies 
capable  of  supplying  heat  by  being  placed  on  ice. 
He  found  also  that  by  rubbing  two  pieces  of  ice 
together  so  much  heat  is  evolved  that  the  ice  melts. 
Count  Rumford  took  a  cannon  cast  solid  and 
rough  as  it  came  from  the  foundry  j  he  caused  its 
extremity  to  be  cut  off,  and  formed,  in  that  part,  a 
solid  cylinder  attached  to  the  cannon  7|  inches  in 
diameter,  and  9y8o  inches  long.  It  remained  joined 
to  the  rest  of  the  metal  by  a  small  cylindrical  neck. 
In  this  cylinder,  a  hole  was  bored  3*7  inches  in 
diameter,  and  7*2  inches  in  length.  Into  this  hole 
was  put  a  blunt  steel  borer,  which  by  means  of 
horses,  was  made  to  rub  against  its  bottom ;  at  the 
same  time  a  small  hole  was  made  in  the  cylinder 
perpendicular  to  the  bore,  and  ending  in  the  solid 
part  a  little  beyond  the  end  of  the  bore.  This  was 
for  introducing  a  thermometer  to  measure  the  heat 
of  the  cylinder.  The  cylinder  was  wrapt  round 
with  flannel  to  keep  in  the  heat.  The  borer  pressed 
against  the  bottom  of  the  hole  with  a  force  equal 
to  about  10,000  ]bs.  avoirdupois,  and  the  cylinder 
was  turned  round  at  the  rate  of  32  times  in  a  minute. 
At  the  beginning  of  the  experiment,  the  tempera- 
ture of  the  cylinder  was  60°  ;  at  the  end  of  30 
minutes,  when  it  had  made  960  revolutions,  its 
temperature  was  130°.  The  quantity  of  metallic 
dust  or  scales  produced  by  this  friction,  amounted 
to  837  grains. 

To  make  this  experiment  more  striking,  Count 
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Rumford  contrived,  to  inclose  the  cylinder  above  chap.  vi. 
described  in  a  wooden  box  filled  with  water,  which 
effectually  excluded  all  air,  as  the  cylinder  itself 
and  the  borer  were  surrounded  with  water,  and  at 
the  same  time  did  not  impede  the  motion  of  the 
instrument.  The  quantity  of  water  amounted 
18'77lbs.  avoirdupois,  and  at  the  beginning  of  the 
experiment  was  at  the  temperature  of  60°.  After 
the  cylinder  had  revolved  for  an  hour  at  the  rate  of 
32  times  in  a  minute,  the  temperature  of  the  water 
was  107°  ;  in  30  minutes  more  it  was  178°  ;  and  in 
two  hours  and  30  minutes  after  the  experiment 
began,  the  water  actually  boiled.  According  to 
the  computation  of  Count  Rumford,  the  heat  pro- 
duced would  have  been  sufficient  to  heat  26%58lbs. 
avoirdupois,  of  ice-cold  water  boiling  hot ;  and  it 
would  have  required  nine  wax  candles  of  a  moderate 
size,  burning  with  a  clear  flame  all  the  time  the 
experiment  lasted,  to  have  produced  as  much  heat. 
In  this  experiment  all  access  of  water  into  the  hole 
of  the  cylinder  where  the  friction  took  place  was 
prevented.  But  in  another  experiment,  the  result 
of  which  was  precisely  the  same,  the  water  was 
allowed  free  access.* 

The  experiments  of  Rumford  were  repeated  and  \i 
diversified  by  M.  Haldot.  He  contrived  an  appa- 
ratus by  which  two  bodies  could  be  pressed  against 
each  other  by  means  of  a  spring,  while  one  of  them 
turned  round  with  the  velocity  of  32*8  inches  per 
second.  The  friction  took  place  in  a  strong  box 

*  Nicholson's  Journal,  ii.  106. 
I.  Z 
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chap.  vi.  containing  216  cubic  inches  of  water.  The  results 
obtained  so  nearly  resemble  those  of  Count  Rum- 
ford,  that  it  is  unnecessary  to  enter  into  particular 
details.  The  rubber  was  brass.  When  the  metal 
rubbed  was  zinc  the  heat  evolved  was  greatest ; 
brass  and  lead  afforded  equal  heat,  but  less  than 
zinc ;  tin  produced  only  ^ths  of  the  heat  evolved 
during  the  friction  of  lead.  When  the  pressure 
was  quadrupled,  the  heat  evolved  became  seven 
times  greater  than  before.  When  the  rubber  was 
rough,  it  produced  but  half  as  much  heat  as  when 
smooth.  When  the  apparatus  was  surrounded  by 
bad  conductors  of  heat,  or  by  non-conductors  of 
electricity,  the  quantity  of  heat  evolved  was  dimin- 
ished.* 

In  these  experiments,  it  is  contended  by  Davy 
and  Rumford,  that  no  source  of  this  enormous 
quantity  of  heat  can  be  pointed  out.  It  cannot  be 
supposed  to  be  absorbed  from  the  neighbouring 
bodies.  Nor  can  it  be  derived  from  the  bodies 
themselves,  without  supposing  the  quantity  of  heat 
which  they  contain  to  be  infinitely  great. 

I  am  disposed  to  think  that  a  part  at  least,  if  not 
the  whole,  of  the  heat  evolved  in  Count  Rumford's 
experiments  proceeded  from  an  augmentation  of 
density,  and  a  consequent  diminution  of  specific 
heat  in  the  metallic  cylinder  subjected  to  friction. 
There  can  be  little  doubt  at  least,  that  the  quantity 
of  heat  produced  depends  in  some  measure  upon 
the  size  of  the  cylinder.  For  surely  it  will  not  be 

*  Nicholson's  Journal,  xxvi.  30. 
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contended,  that  it  would  be  equally  great  when  a  chap.  vi. 
very  small  cylinder  is  used  as  when  a  great  one  is 
employed. 
Berthollet,  Pictet,  and  Biot,  have  made  a  set  of  Heat  from 

percussion. 

experiments,  to  ascertain  the  quantity  of  heat 
evolved  when  ductile  metals  are  suddenly  struck 
forcibly,  as  when  they  are  stamped  in  the  process 
of  coining.  The  experiments  were  made  upon 
pieces  of  gold,  silver,  and  copper,  of  the  same  size 
and  shape,  and  care  was  taken  that  all  the  parts  of 
the  apparatus  had  acquired  the  same  temperature 
before  the  experiments  began.  Copper  evolved 
most  heat,  silver  was  next  in  order,  and  gold 
evolved  the  least.  The  first  blow  evolved  the  most 
heat,  and  it  diminished  gradually,  and  after  the 
third  blow  was  hardly  perceptible.  The  heat 
acquired  was  estimated  by  throwing  the  piece  of 
metal  struck  into  a  quantity  of  water,  and  ascer- 
taining the  change  of  temperature  which  the  water 
underwent.  The  following  table  exhibits  the  in- 
crease of  temperature,  experienced  by  two  pieces 
of  copper  by  three  successive  blows  j 

1st  Blow  J  lst  Piece        -      '•         "•"' 
d  Piece      <3         .         20-80 


f 
\ 


SdBlow 

2d  Piece     -,,y~,  rrv*        3-69 

3d  Blow        lstPiece  1>9° 


2d  Piece        *.„      ,.„        1-46 

The  whole  quantity  of  heat  evolved  by  each  of 
these  pieces  of  copper  is  nearly  the  same;  that 
from  the  first  piece  being  26'64°,  and  that  from  the 
second  25-95°. 
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chap.  vi.      The  following  table  exhibits  the  heat  evolved 
~  from  two  pieces  of  silver  treated  in  the  same  way. 

1st  Piece         .         .  6-19° 

2d  Piece         .         .  7-30 

«j  r>i          *  1st  Piece         .         .  5-85 

2d  Blow   «?,_•_; 

2d  Piece         .         .  2-14 

1st  Piece         .         .  2-76 

2d  Piece         .         .  2-02 

Total  evolved  from  the  1st  piece  14.74 

Ditto  from  the  2d               .         .  11'46 

The  change  in  specific  gravity  which  the  metals 
underwent,  was  found  to  be  proportional  to  the 
heat  thus  evolved,  as  appears  from  the  following 
table,  deduced  from  their  experiments.  The  speci- 
fic gravities  were  taken  at  the  temperature  of  46-5°. 

Specific  gravity  of  gold  .         .          19-2357 

Ditto  annealed       .         .       j*''"      .          19-2240 
Ditto  struck        ll*&i"J  :*<(#    $  lo  3J&C«      19-2487 

Specific  gravity  of  silver  .  .  10-4667 

Ditto  annealed        .      •'•y'-J  .  .  10-4465 

Ditto  struck            .      •    .  .  .  10-4838 

Specific  gravity  of  copper  .  .  8*8529 

Ditto  struck            .'        .  .  ,'•  8-8898 

Ditto  struck  a  second  time  .  .  8-9081 

From  these  experiments  it  is  obvious,  that  the 
heat  evolved  when  metals  are  struck  is  owing  to 
the  condensation,  and  proportional  to  the  conden- 
sation. Hence,  when  they  can  no  longer  he  con- 
densed, they  cease  to  evolve  heat.  These  philoso- 
phers observed,  during  their  experiments,  that  heat 
or  cold  is  propagated  much  more  rapidly,  from  one 
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piece  of  metal  to  another,  when  they  are  struck,  chap,  vi. 
than  when  they  are  simply  placed  in  contact.* 

There  can  be  little  doubt  that  friction  occasions 
an  increase  of  density  as  well  as  hammering.  But 
this  increase  must  be  confined  to  the  solid  portion, 
and  not  exist  in  the  scales  or  dust  rubbed  off", 
which  alone  Count  Rumford  examined.  Thus 
the  experiments  of  Rumford  and  Davy,  though 
they  admit  of  an  easier  explanation  if  we  were  to 
consider  heat  as  a  mere  property  of  matter,  do  not 
furnish  the  demonstration  of  the  immateriality  of 
heat  which  these  philosophers  thought  they  did. 

*  Mem.  d'Arcueil,  ii.  p.  441. 


PART  II. 
OF    ELECTRICITY. 


ELECTRICITY,  which  occupies  so  conspicuous  a  place  Part  IL 
in  modern  science,   was  nearly  unknown  to  the 
sages  of  antiquity,  and  can  scarcely  be  said  to  have 
commenced  as  a  science  till  after  the  beginning  of 
the  18th  century. 

The  ancients  were  aware  that  amber  when  rubbed 
acquires  the  property  of  attracting  light  bodies  to 
it.*  Theophrastus,  speaking  of  the  lyncurium  stone, 
observes,  that  it  has  an  attractive  power  like  that 
of  amber,  and  that  it  is  said  not  only  to  attract 
straws  and  small  pieces  of  sticks,  but  even  copper 
and  iron,  if  they  be  beaten  into  thin  pieces.t  These 

*  Pliny  says,  "  Caeterum  attritu  digitorum  accepta  vi  caloris 
(succind)  attrahunt  in  se  paleas  et  folia  arida,  ut  magnes  lapis 
ferrum."  Lib.  xxxvii.  c.  3.  But  amber  seems  not  to  have  been  dis- 
tinguished by  the  ancients  from  some  other  transparent  resins. 
Pliny  informs  us  that  it  grows  in  India,  and  that  Archelaus,  king 
of  Cappadocia,  had  specimens  of  it  adhering  to  the  bark  of  trees. 

"t"  To  Xu/xug/ov  eXxs/  yag  wtf^gg  TO  sXedgov  01  8s  (paffiv  6u  /aovov  xag£>»j 
xa/  £uXov,  aXXa  xa/  p^aXxov  xa/  ffidqgov,  sav  fi  \SK]O$.  &  tfrgg  xa/  A/oxX»j j 
sXsysv.  Theophrast.  my  ruv  \iduv,  sect.  1.  There  are  very  strong 
reasons  for  believing  that  the  lyncurium  of  the  ancients  is  the 
same  mineral  with  the  tourmalin  of  modern  mineralogists.  See 
Watson,' Phil.  Trans.  1759,  p.  394-. 


344  OF  ELECTRICITY. 


Part  ii.  two  facts  constitute  almost  every  thing  respecting 
electricity  known  to  the  ancients. 

Dr.  Gilbert  greatly  multiplied  the  number  of 
substances  which  are  capable  of  acquiring  electrical 
properties.  Mr.  Boyle  made  some  attempts  to 
explain  the  phenomena  of  electricity  known  in  his 
time,  upon  mechanical  principles.*  Haukesbee 
first  attended  to  the  light  emitted  by  excited 
bodies,!  And  his  apparatus  for  exciting  electricity 
probably  led  the  way  to  the  electrical  machine.^ 
But  it  was  Mr.  Stephen  Gray  who  laid  the  true 
foundation  of  electricity,  as  a  science,  in  the  impor- 
tant papers  inserted  by  him  in  the  Philosophical 
Transactions  between  the  years  17^0  and  1736. 
He  found  that  certain  bodies  can  be  excited  by 
friction,  and  others  not.  This  led  him  to  divide 
bodies  into  two  sets,  viz.  electrics  and  non-electrics. 
He  ascertained  that  non-electrics  may  be  excited 
by  being  brought  into  the  neighbourhood  of  excited 
electrics.  Finally,  he  discovered  that  electricity 
passes  with  ease  through  any  length  of  non-electrical 
bodies  ;  but  not  through  electrics.  This  induced 
him  to  call  the  former  conductors,  and  the  latter 
non-conductors  of  electricity. 

ofDuFay.      jn  the  year  1?33  M.  du  Fay,  of  the  French 

*  See  Shaw's  Boyle,  i.  506. 

t  Dr.  Wall  first  concluded  from  experiment  that  all  electric 
bodies  became  luminous  when  rubbed.  Phil.  Trans.  1708,  vol. 
xxvi.  p.  69. 

J  Physwo-  Mechanical  experiments  on  various  subjects.  Con- 
taining an  account  of  several  surprizing  phenomena  touching  light 
and  electricity,  producible  on  the  attrition  of  bodies,  &c.  1709. 
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Academy  of  Sciences,  began  his  electrical  career.  Part  u- 
He  published  in  succession  eight  Memoirs  on 
Electricity,  equally  remarkable  for  candour  and 
scientific  acumen.  To  him  we  are  indebted  for 
three  important  discoveries.  1.  He  found  that 
conductors  may  be  excited  by  friction,  as  well  as 
non-conductors,  provided  we  take  the  precaution 
to  insulate*  them  before  we  begin  to  rub.  It  was 
from  not  attending  to  this  necessary  precaution 
that  Mr.  Gray  had  failed  in  exciting  these  bodies. 
2.  Electrical  bodies,  when  excited,  attract  those 
that  are  not  excited,  communicate  electricity  to 
them,  and  repel  them.  3.  There  are  two  kinds  of 
electricity,  the  vitreous  and  the  resinous.  The  first 
is  produced  when  we  rub  smooth  glass  with  a 
woollen  cloth,  or  with  hair ;  the  second  when  we 
rub  amber,  sealing-wax,  or  gum  lac.  Bodies  having 
the  same  kind  of  electricity  repel,  those  having 
different  electricities  attract  each  other.  The  reason 
why  excited  bodies  attract  light  substances  to  them- 
selves, is  that  they  produce  in  them  the  contrary 
electricity  from  that  which  they  themselves  possess. 
Hence  they  are  attracted  in  consequence  of  the 
general  law  that  bodies  having  the  opposite  electri- 
cities attract  each  other.  The  last  of  M.  du  Fay's 
papers  on  electricity  appeared  in  the  Memoires  de 
P  Academic  for  1737.  He  died  of  the  small-pox 
in  1739,  at  the  early  age  of  41. 

In  the  year  1746  a  discovery  was  made  by  Mr. 

*  By  insulation  is  meant  surrounding  a  body  with  non-conduc- 
tors, so  that  no  conductor  shall  be  in  contact  with  it. 
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Part  ii.  Cuneus  in  company  with  Messrs.  Muschenbroeck 
of  Cuneus,  and  Allamand,  which  attracted  the  attention  of  the 
whole  civilized  world,  and  gave  such  an  eclat  to 
e\ec^cfty9  fa^  ft  for  many  years  drew  to  itself 
almost  the  exclusive  attention  of  men  of  science. 
Observing  that  electrified  bodies,  when  exposed  to 
the  common  atmosphere,  soon  lost  their  electricity, 
and  were  capable  of  retaining  but  a  small  quantity, 
these  gentlemen  imagined  that  if  an  excited  body 
were  terminated  on  all  sides  by  electrics,  it  might 
be  capable  of  receiving  a  stronger  power,  and 
retaining  it  a  longer  time.  A  gun  barrel  was  sus- 
pended on  silken  strings,  having  one  of  its  ends 
very  near  a  glass  globe,  which  was  turned  rapidly, 
while  electricity  was  excited  in  it  by  friction  with 
the  hands.  A  wire  was  hung  from  the  other 
extremity  of  the  gun  barrel,  which  dipped  into  a 
beer  glass  full  of  water,  and  held  in  the  hands  of 
one  of  the  gentlemen.  After  the  globe  had  been 
driven  for  some  time,  the  gentleman  who  held  the 
beer  glass  approached  his  finger  to  the  gun  barrel 
to  draw  a  spark  from  it.  The  consequence  was  a 
shock,  differing  in  violence  according  to  the  length 
of  time  that  the  globe  had  been  turned.  Sometimes 
it  affected  only  the  arms  as  far  as  the  elbow,  some- 
times to  the  shoulders ;  and  sometimes  the  whole 
body  was  affected.*  Such  was  the  origin  of  the 
famous  Leyden  phial  experiment,  which  within  a 
few  months  was  publicly  exhibited  for  money  in 
London  and  Paris,  and  all  the  principal  cities  of 

*  Hist,  de  1'Academie,  1746,  p.  1. 
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Europe.     This  famous  experiment  was  immediately   Part  IJ» 
repeated  in  Paris  by  the  Abbe  Nollet,  and  by  M. 
Lemonnier,  and  in  London  by  Dr.  Watson.     But 
it  was  Dr.   Franklin  who  first  explained  it  in  a 
satisfactory  manner. 

Dr.  Franklin  first  presented  himself  to  the  scien- 
tific  world,  as  an  experimenter  on  electricity,  in 
1747»  But  his  Experiments  and  Observations  on 
Electricity ',  made  at  Philadelphia  in  America,  were 
not  published  till  the  year  1754.  This  publication 
forms  a  remarkable  era  in  the  history  of  Electricity. 
It  was  translated  into  almost  every  European  lan- 
guage, and  the  opinions  which  it  contained,  were 
almost  universally  adopted.  Dr.  Franklin  conceived 
that  only  one  electric  fluid  existed, — and  that  all 
the  phenomena  of  electricity  were  occasioned  either 
by  its  accumulating  in  bodies,  in  more  than  its 
natural  quantity,  or  by  its  being  withdrawn  from 
bodies  so  as  to  leave  in  them  less  than  the  usual 
quantity.  When  a  body  contains  its  natural  quan- 
tity of  electricity,  it  exhibits  no  electrical  pheno- 
mena whatever.  When  electricity  accumulates  in 
it,  the  phenomena  of  the  vitreous  electricity  of  Du 
Fay  are  exhibited.  When  electricity  is  deficient, 
we  perceive  in  it  the  phenomena  of  the  resinous 
electricity  of  Du  Fay.  Hence  Dr.  Franklin  sub- 
stituted for  vitreous  and  resinous,  the  terms  positive 
and  negative,  or  plus  and  minus  electricity.* 

*  I  shall  employ  in  the  ensuing  treatise  the  terms  positive  and 
negative  electricity  to  denote  the  two  electricities  discovered  by 
Du  Fay.  But  I  do  not  adopt  the  hypothesis  of  Franklin,  that 
only  one  electric  fluid  exists.  The  phenomena  do  not  seem  expli- 
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Part  ii.  Besides  this  theory,  which  was  probably  the  cause 
of  the  immediate  celebrity  of  Dr.  Franklin,  electri- 
city is  indebted  to  him  for  three  capital  discoveries, 
upon  which  his  reputation  as  an  electrician  will 
finally  rest.  1.  Electricity  is  dissipated  at  a  great 
rate  by  points,  so  that  it  is  impossible  to  accumulate 
it  in  pointed  bodies.  This  led  to  the  thunder  rod 
as  a  security  for  buildings.  2.  The  second  and 
great  discovery  of  Dr.  Franklin  was  that  lightning 
and  thunder  are  occasioned  by  the  accumulation  of 
electricity  in  the  atmosphere  ;  or,  in  other  words, 
that  lightning  is  the  same  thing  with  electricity.  This 
he  proved  by  drawing  lightning  from  the  heavens, 
and  showing  that  it  possessed  all  the  characters  of 
common  electricity.  3.  His  third  discovery  was 
the  analysis  of  the  Ley  den  phial,  which  contributed 
more  than  any  thing  else,  to  establish  his  peculiar 
theory  of  electricity. 

Dr.  Franklin's  theory  was  exhibited  in  a  Mathe- 
matical dress  by  -^Epinus  in  1759,*  and  by  Mr. 
Cavendish  in  1771. t  They  laid  down  the  hypo- 
thesis, and  deduced  the  mathematical  consequences 
from  it.  These  consequences,  provided  we  admit 
the  truth  of  certain  suppositions  which  ^Epinus  was 
obliged  to  make,  flow  directly  from  the  theory. 

cable  on  any  other  supposition  than  the  existence  of  two  electric 
fluids.  But  the  terms  positive  and  negative  applied  to  these  two 
merely  as  proper  names  are  more  convenient  and  less  objectionable 
than  the  terms  vitreous  and  resinous  applied  to  them  by  the  French 
Electricians. 

*  Tentamen  theorice  electricitatis  et  magnetismi. 

t  Phil.  Trans.  1771,  p.  584. 


OF  ELECTRICITY.  34-9 

In  the  year  1779  a  highly  important  work  on  Part  11. 
electricity  was  published  by  Lord  Mahon,  after-  of  Lord 
wards  Earl  of  Stanhope.*  In  this  work  the  author  Mahon* 
enters  at  great  length  into  the  nature  of  what  are 
called  Electric  Atmospheres.  The  term,  I  believe, 
was  introduced  by  Dr.  Franklin,  though  his  notions 
on  the  subject  want  that  precision,  which  usually 
characterises  his  ideas.  Mr.  Canton  demonstrated 
that  the  air  in  the  neighbourhood  of  a  charged  con- 
ductor, or  an  excited  body,  gradually  acquires  the 
same  kind  of  electricity,  with  which  the  body  itself 
is  charged :  so  that  the  air  round  an  excited  body, 
to  some  unknown  distance,  is  in  the  same  state  of 
electricity  with  the  body  itself.  The  greater  the 
size  of  the  excited  body,  and  the  more  electricity 
which  it  contains,  the  greater  will  be  the  distance 
to  which  the  surrounding  air  will  be  possessed  of 
the  same  kind  of  electricity.  Now  it  is  this  portion 
of  surrounding  air,  which  has  been  called  an  electric 
atmosphere. 

Lord  Stanhope  demonstrated  by  very  beautiful 
and  decisive  experiments,  that  the  quantity  of  elec- 
tricity in  this  electric  atmosphere  diminishes  in- 
versely as  the  square  of  the  distance  from  the  elec- 
trified body.  Hence  the  reason  why  the  electrical 
atmosphere  cannot  possess  any  sensible  electric 
properties,  at  any  considerable  distance  from  the 
electric  body.  It  was  this  investigation  that  led 


*  Principles  of  Electricity,  containing  divers  new  theorems  and 
experiments,  together  with  an  analysis  of  the  superior  advantages  of 
high  and  pointed  conductors. 
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Part  ii.  Lord  Stanhope  to  the  important  discovery  of  the 
returning  stroke. 

Smb°u"  ^e  nex*  ser^es  °f  discoveries  on  electricity  was 
made  by  M.  Coulomb,  and  published  by  him  in  four 
Memoirs  inserted  in  the  Memoires  de  1' Academic 
de  Paris  for  the  years  1785  and  1786.  M.  Cou- 
lomb had  constructed  a  very  delicate  electrical  bal- 
ance, which  measured  the  attractive  and  repulsive 
forces  by  the  tortion  of  a  very  fine  wire.  By  means 
of  this  balance  he  made  three  capital  discoveries, 
which  constitute  in  fact  the  first  principles  of  all 
electrical  theory.  1.  The  attractions  and  repulsions 
of  electrical  bodies  vary  inversely  as  the  square  of 
their  distances.  So  that  these  forces  vary  precisely 
in  the  same  ratio  as  gravitation  does.  2.  When 
insulated  bodies  are  charged  with  electricity,  they 
do  not  retain  their  electricity  but  gradually  lose  it. 
This  is  partly  owing  to  the  surrounding  atmosphere, 
which  never  being  absolutely  free  from  conducting 
particles,  these  particles  gradually  get  possession 
of  the  electricity  and  carry  it  off.  It  is  partly 
owing  also  to  the  electric  bodies,  which  serve  as  insu- 
lators. There  is  probably  no  substance  absolutely 
impervious  to  electricity ;  though  some  are  more 
and  some  less  so.  Hence  the  electricity  gradually 
passes  off  along  the  insulating  body.  Coulomb 
determined  the  effect  of  both  of  these  causes,  from 
which  the  electricity  is  carried  off  from  an  excited 
body,  and  thus  put  it  in  the  power  of  electricians 
to  calculate  how  much  electricity  an  insulated 
body  loses  in  a  given  time.  Such  a  calculation 
becomes  necessary  when  we  wish  to  compare  the 
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forces  of  electrical  bodies  at  different  distances.  P^t  n. 
For  these  comparisons  being  made  in  succession, 
could  not  lead  to  accurate  results  unless  we  ascer- 
tain and  allow  for  the  electricity  lost  during  the 
course  of  the  experiment.  3.  Coulomb  showed 
that  when  electricity  was  accumulated  in  any  body, 
the  whole  of  it  is  deposited  on  the  surface  and 
none  of  it  penetrates  into  the  interior.  So  that  a 
hollow  sphere,  however  thin  its  walls  be,  may  be 
charged  with  just  as  much  electricity  as  a  solid 
metallic  sphere  of  the  same  diameter.  It  was 
obvious  from  this  that  electricity  was  not  accumu- 
lated in  bodies  in  consequence  of  any  affinity  which 
it  has  for  them  ;  but  solely  in  consequence  of  its 
repulsive  action. 

The  latest  improvements  in  the  theory  of  elec- 
tricity  have  been  made  by  M.  Poisson,  who  taking 
the  two  electricities  of  Du  Fay,  and  the  laws  dis- 
covered by  Coulomb  for  a  basis,  has  applied  mathe- 
matical calculation  to  the  science,  and  has  shown 
the  way  in  which  it  is  distributed  on  the  surfaces  of 
bodies  of  various  figures,  and  the  thickness  of  the 
stratum  of  electricity  in  different  parts  of  these 
bodies.  A  good  many  of  his  theoretical  deduc- 
tions had  been  already  obtained  experimentally  by 
Coulomb.  But  several  of  them  have  not  yet  been 
verified  by  experiment;  nor  would  it  be  easy  to 
devise  experiments  capable  of  determining  the 
accuracy  of  the  consequences  which  he  has  deduced 
from  mathematical  reasoning. 

Such  is  a  short  and  imperfect  view  of  the  history 
of  electricity.  Let  us  now  proceed  to  the  general 
principles  of  the  science. 


CHAPTER  I. 

GENERAL  PRINCIPLES. 


Chap.  i.  THERE  are  some  properties  of  bodies,  so  essential 
(so  to  speak)  to  their  existence,  that  we  can  scarcely 
conceive  them  to  be  wanting  without  destroying 
the  body  altogether.  Thus  gold  is  extended  and 
possessed  of  weight.  Nor  can  we  conceive  this 
metal  to  exist  at  all  if  we  wrere  to  suppose  it  de- 
prived of  extension.  There  are  other  properties 
not  so  essential  to  the  existence  of  bodies.  They 
may  be  wanting,  or  they  may  be  present,  without 
altering  the  nature  of  the  body  in  which  they  occa- 
sionally reside.  Lead  is  not  always  fluid  ;  but  it 
may  be  rendered  fluid  by  heating  it  sufficiently. 
Iron  does  not  always  point  to  the  north,  but  it  may 
be  made  to  do  so  by  communicating  magnetism  to 
it,  and  then  suspending  it,  so  that  it  is  at  liberty  to 
turn  freely  in  every  direction.  Glass  has  not 
always  the  property  of  drawing  light  bodies  to  it, 
and  then  repelling  them  again.  But  if  we  rub  it 
with  the  dry  and  warm  hand,  or  still  better  if  we 
rub  it  with  a  piece  of  leather  covered  over  with  an 
amalgam  of  zinc  and  tin,  it  acquires  this  property. 
1<  Thus  glass  and  many  other  bodies  acquire  by 


what.  friction  a  property,  which  they  did  not  possess 
before  ;  the  property  of  alternately  attracting  and 
repelling  light  bodies.  Now  this  is  the  property 
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which  is  distinguished  by  the  name  of  electricity.  c*»ap.  i. 
It  was  first  observed  in  amber,  to  which  the  Greeks 
gave  the  name  of  farf^.    Hence  the  term  electricity. 

2.  If  we  make  the  excited  tube  approach  the 
cheek,  we  have  a  sensation  resembling  the  applica- 
tion of  a  cobweb  to  the  cheek. 

3.  If  we  make  our  finger  approach  within  a  small 
distance  of  the  rubbed  tube,  we  hear  a  snap,  and  a  The  8Park- 
spark  passes  between  the  tube  and  the  finger.     In    . 

the  dark,  the  glass  tube  appears  covered  with  a 
bluish  light. 

When  glass  or  any  other  substance  has  thus 
acquired  the  property  of  attracting  light  bodies,  it 
is  said  to  be  excited. 

4.  What  is  the  cause  of  the  new  properties  in- 
duced in  these  bodies  by  friction  ?     We  are  alto- 
gether ignorant  of  it ;  though  a  variety  of  hypo- 
thetical explanations  have  been  advanced.     Some 
have  ascribed  the  new  properties  to  the  agency  of 
a  peculiar  fluid,  existing  in  all  bodies,  and  called 
the  electrical  fluid;  but  not  sensible  till  it  either 
accumulates  beyond  the  usual  quantity,  or  till  it 
becomes   actually   deficient.     Others  suppose  the 
existence  of  two  distinct  fluids,  which  they  endow 
with  certain  properties  to  enable  them  to  explain 
the  electrical  phenomena.     While  a  third  set  deny 
the  existence  of  an  electrical  fluid  altogether,  and 
consider  the  attractions  and  repulsions  as  mere  pro- 
perties induced  into  matter.     Whatever  the  cause 
of  these  new  properties  may  be,  we  may  distinguish 
it,  although  unknown,  by  applying  to  it  the  term 
electricity. 

i.  2  A 
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Chap.  i.  5.  Glass,  sulphur,  sealing  wax,  resins,  gums,  silk, 
wool,  hair,  and  even  paper  and  wood,  if  well  dried, 
may  be  excited  by  friction,  But  when  we  attempt 
to  excite  a  piece  of  metal  by  the  same  process,  we 
find  it  impossible  to  succeed.  It  was  supposed  at 
first,  that  metals  were  incapable  of  being  excited 
by  friction,  and  on  this  account  all  substances  were 

Electrics    divided  into  two  classes,  namely,  electrics  and  non- 

eiectrics.  electrics — the  first  consisting  of  those  bodies  which 
may  be  excited  by  friction,  the  second  of  those 
that  cannot.  But  it  was  afterwards  ascertained, 
that  metals  do  not  want  the  power  of  being  excited 
by  friction ;  but  they  are  unable  to  retain  the  elec- 
tricity after  they  have  obtained  it.  If  we  place  a 
plate  of  metal  upon  a  cake  of  sealing  wax  or  gum 
lac,  and  rub  it  with  the  fur  of  a  cat,  we  shall  find 

Excitation,  upon  examining  it  in  the  usual  way,  that  it  has 
become  excited. 

insulation.  Bodies  thus  supported  on  electrics,  are  said  to  be 
insulated.  Insulation  must  always  be  attended  to 
when  we  wish  to  induce  any  electricity  in  metallic 
bodies.  Coulomb  has  shown  that  the  best  insula- 
tor is  gum  lac.  Glass  in  order  to  insulate  should 
be  varnished.  If  not,  it  does  not  insulate  except 
in  dry  weather.  A  silk  thread  in  order  to  insulate 
should  be  of  some  length. 

Even  the  friction  of  fluids  upon  solid  bodies  is 
sufficient  to  excite  them.  Mercury  shaken  in  the 
inside  of  a  glass  tube  electrifies  the  tube.  If  a 
wooden  vessel  containing  mercury  be  cemented  on 
the  top  of  a  glass  receiver,  and  the  receiver  be 
exhausted  by  means  of  an  air-pump,  the  mercury 
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is  driven  by  the  atmosphere  through  the  pores  of  ChRp-  *• 
the  wood,  and  falls  in  a  shower  into  the  receiver, 
itriking  against  its  sides.  The  jar  by  this  shower 
of  mercury  is  excited.  In  like  manner,  we  can 
excite  glass  by  blowing  on  it  with  a  pair  of  bellows. 
Whether  two  gases  produce  electricity  when  they 
rub  against  each  other,  as  is  the  case  when  two 
opposite  currents  of  air  cross  each  other,  has  not 
been  determined.  But  analogy  renders  the  thing 
very  probable.  In  this  way  probably  is  induced 
part  of  the  electricity  which  almost  always  exists  in 
the  atmosphere,  and  which  occasions  so  many  im- 
portant meteorological  phenomena. 

6.  An  excited  body  attracts    and   repels   light 
bodies  at  a  distance— nor  is  the  effect  prevented  by 
interposing  a   solid   body.     Thus,   if  we  suspend 
within  a  glass  jar,  a  small  ball  composed  of  the  pith 
of  elder,  about  the  tenth  part  of  an  inch  in  diameter, 
by  a   fine   silk  thread,  it  will  be  attracted  to  an 
excited  glass  tube  placed  on  the  outside  of  the 
jar. 

7.  The  reason  why  some  bodies  are  easily  excited  ^Jdu®^ 
by  friction,  while  others  cannot,  depends  upon  the conductors- 
facility  with  which  electricity  is  capable  of  moving 
through  them.     Through  the  former  it  moves  very 
slowly  or  not  at  all — but  through  the  latter  it  moves 

with  great  facility.  The  former  are  non-conductors 
or  bad  conductors  of  electricity;  the  latter  are  good 
conductors. 

Metals  and  charcoal,  water  and  all  liquids  (oils 
excepted),  are  good  conductors.  Melted  wax  and 
tallow  are  good  conductors  ;  but  these  bodies  while 
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chap.  i.  solid,  conduct  very  badly.  The  flame  of  alcohol 
and  ice  are  good  conductors. 

Glass,  resins,  gums,  sealing  wax,  silk,  sulphur, 
precious  stones,  oxides,  air,  and  all  gases,  are  non- 
conductors, or  at  least  very  bad  conductors. 

If  a  conductor,  how  long  soever  it  may  be,  be 
brought  in  contact  (by  one  extremity)  with  an 
excited  non-conductor,  it  instantly  takes  a  portion 
of  the  electricity  from  the  non-conductor.  Indeed, 
if  the  conductor  be  in  communication  with  the 
earth,  the  whole  accumulated  electricity  will  soon 
pass  along  the  conductor,  and  be  dissipated  in  the 
earth  ;  so  that  we  shall  not  be  able  to  find  any 
traces  of  electricity  either  in  the  non-conductor  or 
conductor.  But  if  the  conductor  be  insulated,  by 
suspending  it  from  silk  strings,  for  example,  or  sup- 
porting it  by  cylinders  of  gum  lac,  it  will  become 
excited  as  well  as  the  non-conductor.  And  the 
electricity  will  pass  along  the  whole  of  it,  so  that 
the  extremity  farthest  removed  from  the  excited 
electric  will  exhibit  the  phenomena  of  electricity 
to  as  great  an  extent  as  the  extremity  nearest  the 
excited  electric.  Suppose  an  iron  or  copper  rod 
twenty  or  thirty  feet  in  length  to  be  suspended  on 
silk  strings,  and  that  an  excited  glass  tube  be  placed 
in  contact  with  one  extremity  of  it,  the  other  extre- 
mity will  immediately  exhibit  all  the  usual  pheno- 
mena of  an  excited  body.  But  if  we  substitute  a 
rod  of  glass  or  sealing  wax  in  place  of  the  metallic 
,  rod,  it  will  not  exhibit  any  sensible  electricity  at 
the  remote  end,  even  although  its  length  should 
not  exceed  a  few  inches. 
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If  we  suspend  a  small  pith  ball  by  a  slender  ChnP.  i. 
metallic  wire,  and  touch  it  with  an  excited  glass 
tube,  we  shall  find  that  it  will  not  retain  the  com- 
municated electricity  an  instant;  but  if  the  pith 
ball  be  suspended  by  a  silk  thread,  it  will  retain  the 
electricity  communicated  to  it  by  an  excited  glass 
tube  for  a  considerable  time,  if  the  day  be  dry,  and 
the  air  clear,  when  the  trial  is  made. 

Dry  air  is  a  non-conductor,  but  moist  air  is  a  con- 
ductor. Hence  the  reason  that  electrical  experi- 
ments do  not  succeed  in  rainy  or  foggy  weather. 
We  may,  however,  in  general  succeed  in  producing 
electrical  phenomena  whatever  be  the  state  of  the 
atmosphere,  if  we  take  care  to  dry  all  the  substances 
which  we  employ,  and  keep  them  dry  by  bringing 
them  into  the  neighbourhood  of  a  good  fire.  Or 
by  covering  them  with  a  thin  coating  of  tallow, 
which  keeps  the  moisture  at  such  a  distance  that  we 
may  charge  a  Leyden  jar,  as  usual,  even  in  a  very 
moist  atmosphere.  If  we  use  the  tallow,  we  must 
beware  of  such  a  heat  as  would  melt  it,  for  becom- 
ing a  conductor  by  fusion,  all  electric  action  would 
be  destroyed.  This  fire  has  the  effect  also,  by 
raising  the  temperature  of  the  air,  of  increasing  its 
dryness,  and  thus  preventing  it  from  carrying  off 
the  electricity  so  rapidly  as  it  would  otherwise  do. 

8.  Electricity  does  not  alter  the  bulk  of  bodies.  Electricity 

m*        111/1  .  .  i  does  not  al- 

The  bulk  of  a  piece  of  metal  is  not  increased  by  ter  the  bulk 
charging  it  with  electricity,  nor  does  the  bulk  of  a 
glass  tube,  or  stick  of  sealing-wax,  alter  when  it  is 
excited,  except  so  far  as  the  friction  may  increase 
the  temperature  'of  the  body. 
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chap.  i.  Neither  is  the  nature  of  the  electricity  altered  by 
the  temperature  of  the  body  which  contains  it.  An 
electric  spark  drawn  from  ice  does  not  feel  cold, 
nor  does  a  spark  feel  hot  when  drawn  from  red  hot 
iron.  Dufay  was  of  opinion,  that  a  spark  drawn 
from  a  living  body  was  more  painful,  and  commu- 
nicated a  much  more  burning  sensation,  than  when 
drawn  from  dead  matter. 

its  motion  9.  Electricity  moves  through  conducting  bodies 
with  such  rapidity,  that  no  interval  of  time  what- 
ever can  be  perceived  during  the  transit,  how  long 
soever  it  may  be.  Dr.  Watson,  and  several  other 
members  of  the  Royal  Society,  made  an  electric 
charge  pass  through  a  wire,  extending  more  than 
two  miles,  or  12,276  feet.  One  gentleman  held  a 
charged  Ley  den  jar  in  one  hand,  and  the  extremity 
of  the  wire  in  the  other.  Another  gentleman  held 
the  other  extremity  of  the  wire  in  one  hand,  and 
with  the  other  hand  brought  a  short  iron  rod  in 
contact  with  the  knob  of  the  Ley  den  phial.  The 
consequence  was  a  discharge  of  electricity,  and  both 
the  gentlemen  received  the  shock  at  the  same 
instant  of  time.  So  that  electricity  passes  over  a 
circuit  of  two  miles  instantaneously,  or  at  least  in 
an  interval  of  time  too  short  to  be  noticed.*  Indeed 
in  one  of  Dr.  Watson's  experiments  the  circuit 
through  which  the  electricity  passed  was  nearly  six 
miles  in  length,  yet  no  sensible  interval  of  time  was 
taken  up  by  it  in  this  long  extent  through  which  it 
had  to  pass. 

*  Phil.  Trans.  1747,  p.  49;  1748,  p.  491. 
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10.  It  has  been  found   that   bodies  cannot  be   chap.  i. 
made  to  retain  electricity  in  the  vacuum  of  an  air-  Bodie8  do 
pump.     The   electricity  flies   off  as   fast   as  it  is 
evolved,  so  that  no  substance  can  become  charged. 
Hence  it  is  obvious  that  the  presence  of  dry  air  is 
necessary   to   prevent   the   electricity   of    excited 
bodies  from  being  dissipated.     It  is  commonly  sup- 
posed  that  air  produces  this  effect  by  the  pressure 
which  it  exerts  upon  the  surface  of  the  excited 
body.     But  it  is  much  more  natural  to  ascribe  it  to 

the  state  of  electricity  which  the  surrounding 
atmosphere  acquires.  It  has  been  demonstrated  by 
the  experiments  of  Mr.  Canton,  and  Lord  Stan- 
hope,  that  the  air  surrounding  an  excited  body 
acquires  the  same  kind  of  electricity  with  the  body 
itself.  The  intensity  of  this  electricity  of  the  air 
diminishes  inversely,  as  the  square  of  the  distance. 
Hence  at  a  small  distance  from  the  excited  body  it 
becomes  insensible.  Now,  as  electricities  of  the 
same  kind  repel  each  other,  it  is  obvious  that  the 
electricity  of  the  air  surrounding  an  excited  body, 
will  repel  the  electricity  of  the  excited  body  ;  and 
this  repulsion  being  the  same  on  all  sides,  it  must 
have  the  effect  of  preventing  the  electricity  of  the 
excited  body  from  being  dissipated.  When  this 
repulsive  force  is  withdrawn  there  is  nothing  to 
oppose  the  repulsive  force  which  the  particles  of 
electricity  exert  against  each  other.  Hence  they 
must  be  immediately  dissipated. 

11.  If  we  suspend  two  small  pith  balls,  by  means  ^ 
of  very  slender  wires,  from  a  stick  of  sealing  wax,  cit>' 
and  rub  the  wax  with  a  dry  woollen  cloth,  the  two 
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chap.  i.  balls  will  repel  each  other.  If  we  suspend  another 
pith  ball,  by  a  slender  wire  from  a  stick  of  sealing 
wax,  and  rub  it  also  with  a  dry  woollen  cloth,  this 
pith  ball,  if  brought  near  the  two  former,  will 
also  be  repelled  by  them.  If  we  suspend  the  pith 
balls  by  slender  wires  from  dry  glass  tubes,  and  rub 
the  tubes  with  dry  woollen  cloth,  the  result  will  be 
the  same, — all  the  pith  balls  will  repel  each  other. 
But  if  we  suspend  a  small  pith  ball  by  a  slender 
wire  from  a  glass  tube,  and  another  in  a  similar  way 
from  a  stick  of  sealing  wax,  and  make  the  two  balls 
approach,  after  having  rubbed  the  glass  tube  and 
the  stick  of  sealing  wax,  the  pith  balls,  instead  of 
repelling,  will  attract  each  other. 

Hence  it  is  obvious  that  the  electricity  excited 
in  glass  is  different  from  that  excited  in  sealing 
wax :  since  bodies  having  the  electricity  of  glass, 
attract  those  having  the  electricity  of  sealing  wax ; 
while  bodies  having  each,  either  the  electricity  of 
glass  or  of  sealing  wax,  repel  each  other.  M.  Dufay, 
the  discoverer  of  this  most  important  fact,  distin- 
guished these  two  electricities  by  the  names  of 
vitreous  and  resinous ,  from  the  two  substances  in 
which  he  first  perceived  them.  Dr.  Franklin  after- 
Positive  and  wards  termed  them  positive  and  negative  electrici- 

negative.          .  f 

ties,  and  these  terms  have  come  into  general  use. 

Bodies  charged  with  the  same  kind  of  electricity, 
whether  positive  or  negative,  repel  each  other; 
but  bodies  charged  with  different  electricities  attract 
each  other.  Bodies  charged  with  positive  elec- 
tricity, repel  bodies  charged  with  positive  electri- 
city and  attract  bodies  charged  with  negative  elec- 
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tricity.  Bodies  charged  with  negative  electricity, 
repel  bodies  charged  with  negative  electricity,  and 
attract  bodies  charged  with  positive  electricity. 

12.  When  two  substances  capable  of  being 
excited,  are  rubbed  against  each  other  both  acquire  electricities. 
electricity,  but  each  is  charged  with  a  different 
kind.  One  becomes  positively  electrified,  and  the 
other  negatively.  This  law  holds  universally  j  but 
what  kind  of  electricity  each  substance  acquires 
depends  upon  the  substance  against  which  it  is 
rubbed.  For  example,  if  we  rub  dry  woollen  cloth 
against  smooth  glass,  it  acquires  negative  electricity, 
while  the  glass  becomes  positively  electrified.  But 
if  we  rub  woollen  cloth  against  rough  glass,  it  ac- 
quires positive  electricity  while  the  glass  is  charged 
with  negative  electricity.  The  following  table  con- 
tains a  number  of  electric  substances  arranged  in 
such  a  way,  that  when  they  are  rubbed  against 
each  other,  the  substance  first  in  the  list  becomes 
positively,  and  the  substance  below  it  negatively 
electrified. 

1  Fur  of  a  cat,  6  Paper, 

2  Smooth  glass,  7  Silk, 

3  Woollen  cloth,  8  Lac, 

4  Feathers,  9  Rough  glass, 

5  Wood,  10  Sulphur. 

The  fur  of  a  cat  acquires  positive  electricity 
against  what  substance  soever  it  be  rubbed.  Sul- 
phur acquires  negative  electricity  against  whatever 
substance  it  be  rubbed.  Feathers  acquire  negative 
electricity  when  rubbed  against  the  fur  of  a  cat, 
smooth  glass  or  woollen  cloth  j  but  they  acquire 
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chap.  i.  positive  electricity  when  rubbed  against  wood, 
~  paper,  silk,  lac,  rough  glass  and  sulphur.  The 
same  observation  applies  to  every  substance  in  the 
table.  It  assumes  negative  electricity  when  rubbed 
against  any  substance  above  it  in  the  table,  and 
positive  electricity  when  rubbed  against  any  sub- 
stance below  it. 

Electricity       jg    When  an    insulated   conductor  is  brought 
by  induc- 
tion-         into  the  neighbourhood  of  an  insulated  charged 

conductor,  its  electricity  undergoes  a  new  arrange- 
ment. The  end  of  it  next  the  excited  conductor 
assumes  a  state  of  electricity  opposite  to  that  of 
the  excited  conductor;  while  the  farther  extremity 
assumes  the  same  kind  of  electricity.  Suppose  a 
conductor  charged  with  positive  electricity.  The 
end  of  the  insulated  conductor  next  it  becomes 
negative,  and  the  end  farthest  off  positive.  And 
intermediate  between  these  two  points,  there  occurs 
a  place  where  neither  positive  nor  negative  elec- 
tricity can  be  perceived.  This  place  is  called  the 
neutral  point. 

This  is  the  reason  why  light  bodies  are  attracted 
by  excited  electrics.  They  acquire  the  opposite 
electricity,  and  of  course  are  attracted.  When 
they  touch  the  excited  electric  they  acquire  the 
same  kind  of  electricity  which  it  has,  and  conse- 
quently are  repelled.  This  electricity  they  speedily 
lose  by  coming  in  contact  with  conductors  con- 
nected with  the  earth.  They  are  again  attracted, 
again  repelled ;  and  these  alternate  attractions  and 
repulsions  continue  till  the  electricity  of  the  excited 
body  is  dissipated. 
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14.  Though  friction  is  the  usual  way  of  produc-  chap.  i. 
ing  electricity,  yet  it  is  evolved  in  many  other  Electricity 
ways.     It  has  been  ascertained  that  when  bodies  f™|™?hej£ 
are  melted  and  allowed  to  congeal  again,  they  fre-  Prcessure> 
quently  become  electric.     It  has  been  found  that 
some  bodies  become  electric  by  pressure.     There 
are  several  mineral  bodies,  the  most  remarkable 
among  which  is  the  tourmalin,  that  acquire  marked 
electric  properties  when  their  temperature  is  elevated 
a   certain   number  of  degrees ;    which  properties 
they  lose  again  when  they  are  allowed  to  cool. 
Few  chemical  combinations  or  decompositions  take 
place  without  evolving  electricity.     Finally  Volta 
has  shown  that  when  two  metals  (supposing  both 
insulated)  are  placed  in  contact  and  then  separated, 
both   give    signs   of  electricity ;    the   one    being 
always  positively,  and  the  other  negatively  elec- 
trified. 


CHAPTER  II. 

OF  ELECTRICAL  APPARATUS. 


chap.  ii.  ELECTRICAL  investigations  being  chiefly  conducted 
by  means  of  the  electrical  machine,  it  will  be 
requisite  before  proceeding  any  farther  with  an 
account  of  the  phenomena  or  their  investigation,  to 
give  a  short  description  of  the  electrical  machines 
at  present  used  by  electricians. 

There  are  two  distinct  kinds  of  electrical  machines 
at  present  employed ;  namely,  the  cylindrical,  and 
the  plate  machine. 

The  cylindrical  machine  undoubtedly  originated 
from  the  glass  globes  of  Mr.  Hauksbee.  He  fitted 
them  upon  an  axis,  which  he  turned  round  rapidly 
by  means  of  a  winch,  and  subjected  them  to  the 
friction  of  the  hand,  or  of  a  woollen  cloth.  After 
the  discovery  of  the  Leyden  phial,  improvements 
in  this  simple  apparatus  were  successively  intro- 
duced. Oiled  silk  was  found  to  answer  better  as  a 
rubber  than  the  hand.  Cushions  of  leather  stuffed 
with  hair  or  wool,  and  made  as  smooth  and  equal 
as  possible,  were  found  still  preferable.  And  Mr. 
Canton  discovered  in  1762,  that  if  a  quantity  of 
amalgam  of  tin  mixed  with  some  whiting,  be  spread 
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upon  the  cushion,  it  would  excite  the  globe  to  a  Chj»p-  jl- 
great  degree  with  very  little  friction.* 

It  was  gradually  found  that  glass  cylinders  might 
be  substituted  for  the  globes  with  advantage.  And 
these  cylinders  at  last  came  to  be  generally  substi- 
tuted for  the  globes.  The  cylindrical  machine  at 
present  used  in  this  country,  was  the  contrivance  of 
Mr.  Edward  Nairne,  a  very  ingenious  philosophical 
instrument  maker  in  London.  His  first  account  of 
it  appeared  in  the  Philosophical  Transactions  for 
1774.  But  he  afterwards  added  considerably  to 
its  simplicity  and  its  elegance. 

Nairne's  C3'lindrical  machine  consists  essentially  cylindrical 

o          1  i-     j  n  j-  •  i  machine. 

or  a  glass  cylinder  of  any  dimensions,  supported  on 
two  glass  pillars  upon  a  mahogany  board.  This 
glass  cylinder  has  at  one  extremity  a  winch,  with  a 
handle  by  means  of  which  it  may  be  turned  briskly 
round.  On  each  side  of  the  glass  cylinder  and 
parallel  to  it,  are  two  cylinders  of  tin  plate  japan- 
ned, nearly  as  long  as  the  glass  cylinder,  but  not  so 
thick,  and  terminated  at  each  end  by  a  hemispherical 
surface,  so  as  to  avoid  all  angles  or  points,  and  to 
make  the  whole  cylinders  as  smooth  and  equable  as 
possible.  These  tin  plate  cylinders  are  supported 
each  by  a  glass  pillar  of  the  same  size  and  height  as 
the  pillars  which  support  the  glass  cylinder.  These 
two  tinplate  cylinders  are  called  the  two  prime 
conductors  of  the  machine.  To  one  of  them  is 
fixed  the  cushion,  which  is  to  act  as  a  rubber.  This 
cushion  consists  of  leather  stuffed  with  hair,  and 

*  Phil.  Trans,  vol.  Hi.  p.  461. 
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chap.  ii.  made  by  means  of  a  spring  to  press  equably  against 
the  glass  cylinder.  To  the  cushion  is  attached  like- 
wise a  flap  of  black  silk,  which  covers  the  upper 
part  of  the  glass  cylinder,  and  prevents  the  elec- 
tricity from  being  dissipated  till  it  reach  the  con- 
ductor on  the  opposite  side.*  This  second  conductor 
is  precisely  similar  to  the  first  j  only  instead  of  a 
cushion  it  has  a  number  of  pointed  brass  wires 
attached  to  its  inside,  pointing  directly  to  the  glass 
cylinder,  and  approaching  as  near  it  as  possible,  so 
as  not  to  touch  it.  The  use  of  these  pointed  wires 
is  to  draw  the  electricity  from  the  glass  cylinder,  in 
proportion  as  it  is  evolved,  and  to  conduct  it  to  the 
conductor  to  which  they  are  attached.  Each  of 
these  conductors  has  a  certain  number  of  holes  in 
its  surface,  to  which  wires,  electrometers,  &c.  may 
be  attached,  and  into  which  brass  knobs  may  be 
inserted  to  regulate  the  discharge  of  the  electricity. 

The  figure  in  the  margin 
represents  a  view  of  Nairn  e's 
cylindrical  machine. 

In  it  a  is  the  glass  cylin- 
der, and  b  b  the  two  prime 
conductors,  c,  d  are  two 
electrometers  attached  to 
the  two  conductors,  to 

shew  that  they  are  in  different  electrical  states,  the 
one  to  which  the  rubber  is  attached  being  negative, 

*  This  flap  is  greatly  improved  when  it  becomes  stained  with 
grease.  Hence  an  old  flap  will  be  always  found  to  act  better  than 
a  new  one.  The  new  one  becomes  immediately  as  good  as  the 
old,  if  we  impregnate  them  with  tallow. 


OF  ELECTRICAL  APPARATUS.  367 

and  the  other  positive.     Hence  the  two  electro-  chap.  n. 
meters  are  attracted  when  the  machine  is  worked. 

The  prime  conductor  to  which  the  cushion  is 
attached  becomes  charged  with  negative  electricity 
when  the  machine  is  put  in  motion ;  while  the 
opposite  prime  conductor  becomes  charged  with 
positive  electricity.  That  the  machine  may  be 
capable  of  acting,  it  is  requisite  that  the  prime 
conductor  to  which  the  cushion  is  attached,  should 
be  connected  with  the  ground  by  means  of  a 
metallic  chain  suspended  from  it. 


Plate  machines  were  first  brought  to  a  state  of  piate  ma- 
perfection  by  Mr.  Cuthbertson,  when  he  settled  in  chme* 
Amsterdam  about  the  year  1769.     The  above  figure 
represents  his  plate  machine,  as  it  is  now  in  common 
use.     A  C  D  is  the  mahogany  stand  to  which  all 
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chap.  ii.  the  different  parts  of  the  machine  are  fixed.  C  D 
~  is  a  square  piece  of  mahogany  which  forms  the 
basis  of  the  machine,  about  two  feet  long,  one 
broad,  and  an  inch  and  a  half  thick.  To  this  bottom 
two  upright  beams  or  stiles  are  fixed,  which  consti- 
tute the  wooden  frame  of  the  machine,  g  h,  one 
of  these  beams,  is  a  straight  wooden  stile,  glued  fast 
to  C.  Jc  I  is  the  other  beam  or  stile,  not  glued  as 
the  former,  but  fixed  by  three  screws — one  at  the 
front  to  draw  it  close  to  C  D,  and  two  under  the 
bottom,  to  draw  the  stile  downwards  upon  the 
bottom,  that  it  may  be  secure  against  any  motion. 
n  n  is  a  cross  piece  of  wood  which  forms  the  top  of 
the  frame,  screwed  fast  to  the  two  stiles  by  two 
brass  screws,  which  pass  through  the  cross  piece 
into  h  k,  by  which  means  it  can  be  drawn  so  tight 
as  to  secure  it  against  any  motion. 

This  plate  machine  has  four  rubbers,  two  fixed 
at  the  top,  and  two  at  the  bottom  of  the  frame. 
o  is  the  spring  frame  at  the  top,  which  contains  the 
upper  pair  of  rubbers,  and  is  screwed  to  A  by  a 
screw,  P.  q  is  the  spring  frame  which  contains  the 
under  pair  of  rubbers,  r,  r,  is  prepared  silk,  sewed 
to  each  rubber,  and  seen  separate  in  the  next 
figure. 

a,  t,  w,  is  the  prime  conductor,  w,  x,  is  a  solid 
stick  of  glass,  which  serves  to  support,  and  also  to 
insulate  the  conductor.  The  end  w  is  mounted 
with  brass,  which  screws  into  the  centre  of  the 
large  ball  of  the  conductor.  Y9  #,  is  a  round  plate 
of  mirror  glass,  fixed  upon  an  axis,  one  end  of 
which  turns  in  a  hole  in  the  stile  g,  h,  and  the  other 
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runs  through  a  hole  in  the  middle  of  the  stile  Jc,  /,  chap.  11. 

and  is  turned  by  means  of  a  winch,  z,  which  causes 

the  plate  to  revolve  and  pass  between  the  rubbers 

fixed  at  the  top  and  bottom  of  the  frame. 
Fig.  3,  represents  the  sprin 

frame   of  the   upper   cushions' 

on  one  side,  and  the  silk,  for 

the  sake  of  distinction,  is  taken 

off. 

Fig.  4,  represents  a  single  rubber 

with  the  silk  flap.  It  is  covered  with 

leather,    and   stuffed  with  slips   of 

woollen    cloth.     Then   a  piece   of 

silk  properly  prepared,  and  cut  to 

the  shape,  is  sewed  fast  to  the  middle  of  the  rubber. 
By  turning  the  screw  one  way  it  will  draw  the 
rubbers  close,  and  by  turning  it  the  other  it  will 
loosen  them.  As  it  is  difficult  to  get  at  the  head 
of  this  screw  to  turn  it  with  the  fingers,  there  are 
holes  made  at  the  side  of  the  head  of  the  screw  in 
which  the  end  of  a  wire  may  be  put,  by  which  it 
may  be  easily  turned.  To  fix  the  screw  frame 
and  rubbers  to  the  machine,  open  the  rubbers  to 
about  the  width  of  half  an  inch,  then  slip  them 
upon  the  plate  so  that  the  top  comes  close  under 
n,  n.  Then  put  the  long  screw,  P,  through  the 
hole  in  the  top  of  the  machine,  and  screw  it  into 
the  top  of  the  frame  of  the  rubbers,  very  tight, 
taking  particular  care  that  the  plane  of  the  rubbers 
applies  to  the  plane  of  the  plate.  This  will  hold 
the  rubbers  in  their  proper  place,  m,  is  a  wire  from 
which  proceeds  two  or  three  silk  cords  fastened  to 
i.  2  B 
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chap.  ii.  the  edge  of  the  silk  flaps,  which  serve  to  prevent 
them  adhering  to  the  edge  of  the  plate  while 
turning. 

The  rubbers,  <?,  are  constructed  exactly  as  those 
already  described,  but  are  fixed  differently  to  the 
frame  of  the  machine.     The  piece,  a,  b, 
which  forms  the  bottom  of  the  frame  for 

B^^  the  under  rubber,  is  cut  open  from  one 
side  quite  to  the  centre  of  the  piece,  and  at  the 
bottom  of  the  frame  of  the  machine  is  a  piece  of 
brass  placed  upright  with  a  male  screw,  to  which  is 
fitted  a  nut  with  a  female  screw,  having  holes  at  the 
edge  for  the  convenience  of  screwing  it  tight  by 
means  of  a  wire.  The  two  sides  with  the  rubbers, 
are  placed  upon  the  bottom  of  the  machine,  so  that 
the  upright  brass  pin  goes  into  the  groove,  and  is 
there  screwed  tight  by  the  female  nut. 

a,  t,  w,  is  the  prime  conductor  of  the  machine,  w 
is  a  large  brass  ball  with  a  shank  about  an  inch  long 
fitted  into  the  cylindric  part,  so  that  it  may  be 
turned  for  the  purpose  of  placing  the  hole,  which 
is  seen  at  one  side  of  the  ball,  in  any  position  that 
the  experiment  may  require.  This  hole  is  useful 
for  a  variety  of  purposes.  The  conductor  is  sup- 
ported and  insulated  by  the  solid  glass  cylinder,  W, 
x.  If  required  at  any  time  to  be  taken  to  pieces,  the 
cylinder  part  of  the  conductor  must  be  unscrewed 
from  the  large  ball,  where  there  is  a  square  nut, 
which  being  unscrewed,  W,  x,  may  be  taken  out. 
One  end  of  the  two  receiving  arms  or  tubes,  /,  a, 
is  screwed  into  the  large  ball  by  W,  one  having  a 
left  handed  screw  so  that  the  arm  may  be  supported 
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by  the  shoulder  to  prevent  it  falling  by  its  weight.  Ch»p' 
The  two  cross  pieces  fronting  the  plate,  with  two 
or  three  points  to  receive  the  excited  fluid,  are  each 
screwed  on  to  their  respective  arms,  one  with  a 
right  handed  screw,  the  other  with  a  left  handed 
one,  for  the  same  purpose  as  the  screws  at  the  other 
end  of  the  arms.  The  end,  #,  of  the  glass  cylinder 
is  mounted  with  a  joint,  which  fits  into  the  frame 
of  the  machine  opposite  the  hole  in  which  the  axis 
moves. 

To  give  this  machine  all  its  energy,  the  rubbers  Amalgam, 
require  to  be  covered  with  amalgam.  This  is  made 
by  taking  equal  weights  of  zinc  and  tin,  and  melt- 
ing them  in  a  crucible.  The  melted  mixture  is 
poured  into  twice  its  weight  of  mercury  in  a  wooden 
box  made  for  the  purpose.  The  box  is  to  be  well 
shaken  till  the  metals  are  cold.  The  amalgam  is 
then  to  be  reduced  in  a  metal  mortar  to  a  very  fine 
powder,  and  afterwards  mixed  with  a  sufficient 
quantity  of  hog's  lard  to  make  it  into  a  paste.  I 
believe  the  best  proportions  for  making  amalgam 
would  be 

Zinc        .     8-5  parts 

Tin         .     7-25 

Mercury    37'5 

Such  an  amalgam,  when  kept,  is  apt  to  crystallize. 
But  it  is  rendered  fit  for  use  by  pounding  it  in  a 
mortar  before  using  it. 

When  the  machine  is  to  be  used,  the  rubbers 
should  be  taken  off  and  cleaned  by  scraping  off  the 
old  amalgam  with  a  knife  and  rubbing  the  silk  with 
a  cloth.  The  rubbers  should  then  be  placed  in  a 
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Electrome- 
ters. 


chap.  n.  warm  place  till  they  are  well  dried.  New  amalgam 
must  now  be  spread  on  with  a  knife.  It  should  be 
laid  on  flat  and  smooth,  and  to  such  a  thickness 
that  the  surface  of  the  amalgam  is  level  with  the 
surface  of  the  silk,  and  there  should  be  no  openings 
or  separations  between  the  amalgam  and  the  silk. 

A  variety  of  instruments  have  been  invented  for 
detecting  electricity  when  it  exists.     These  instru- 
ments  have  received  the  name  of  electro- 
meters.    The  simplest  of  these  is  the  pen- 
dulum electrometer  represented  in   the 
margin.     It  consists  of  a  glass  rod  fixed 
in  a  sole,  and  bent  at  the  top  so  as  to 
form  a  hook.     From  this  hook  hangs  a 
4  thread  of  raw  silk,  to  the  bottom  of  which 
is  fixed  a  very  small  ball  made  of  the  pith 
of  the  elder,  quite  round  and  weighing 
only  a  small  fraction  of  a  grain.     When 
an  excited  glass  rod  or  any  similar  body  is  brought 
near  this  pith  ball  it  is  immediately  attracted,  and 
the  stronger  the  electricity  the  farther  will  the  ball 
be  drawn  from  the  perpendicular. 

Another  common  and  very  useful  electro- 
meter  is  represented  in  the  margin.  It  con- 
sists  of  two  pieces  of  straw,  a,  a',  both  smooth 
and  of  the  same  size  and  length,  suspended 
parallel  to  each  other,  and  at  a  very  small  dis- 
tance from  each  other  by  two  very  fine  metallic 
#' wires  bent  at  the  top  into  hooks,  which  are 
attached  to  two  small  holes,  b,  b ',  in  a  small 
piece  of  metal  terminating  above  in  a  knob,  c. 
When  any  excited  body  is  made  to  touch  the 
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knob,  c,  the  straws,  which  are  very  light  and  hang  Chap.  n. 
freely  suspended,  acquiring  the  electricity  of  the 
touching  body  immediately  separate  from  each 
other,  and  indicate  the  existence  of  electricity. 
And  the  farther  they  separate  it  is  obvious  that  the 
quantity  of  electricity  must  be  the  greater. 

To  prevent  the  agitation  of  the  air  and  the  other 
accidents  which  would  speedily  derange  or  destroy 
the  straws,  the  electrometer  is  usually 
enclosed  in  a  square  glass  box  as  here 
represented,  upon  one  of  the  faces  of 
which  is  pasted  a  circular  division  to 
mark  the  degree  to  which  the  straws 
separate.  The  neck  and  upper 
part  of  this  glass  box  is  varnished 
with  gum  lac,  in  -order  that  it  may  insulate  the 
better. 

Instead  of  straws,  slips  of  gold  leaf  are  employed 
with  advantage.  This  constitutes  what  is  called 
Bennet's  gold  leaf  electrometer,  which  is  a  very 
delicate  instrument,  and  capable  of  indicating  very 
minute  quantities  of  electricity.  See  a  description, 
Phil.  Trans.  1787,  p.  26. 

In  these  and  many  other  common  electrometers 
which  I  think  it  needless  to  describe,  the  instrument 
cannot  be  considered  as  a  true  measurer  of  the 
quantity  of  electricity,  because  as  the  two  straws 
or  the  two  slips  of  gold  leaf  separate  farther  and 
farther  from  each  other,  it  is  evident  that  gravita- 
tion will  act  more  and  more  powerfully  to  bring 
them  back  again  to  their  naturally  vertical  position. 
Hence  the  repulsive  force  of  the  straws  or  leaf  is 
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ChaP-  n-  not  proportional  to  the  distance  to  which  they  sepa- 
rate from  each  other.  These  instruments  cannot 
of  course  be  employed  to  measure  the  energy  of 
electricity.  >. 

But  the  electrometer  of  Coulomb  is 
free  from  this  defect.  It  is  represented 
in  the  margin.  It  consists  of  a  glass 
vessel  having  a  lid  also  of  glass,  in  the 
centre  of  which  a  small  hole  is  drilled. 
Through  this  hole  passes  an  untwisted 
raw  silk  thread  four  inches  long,  and 
fixed  at  the  top  to  a  micrometer,  by  means  of  which 
it  may  be  turned  round  any  number  of  degrees  at 
pleasure.  To  the  silk  thread  is  attached  a  very 
fine  gum  lac  thread,  H,  having  at  each  extremity  a 
small  knob.  This  lac  needle  with  its  knobs  weighs 
only  ^  grain.  A  small  hole  is  drilled  in  the  side 
of  the  vessel,  at  A,  through  which  passes  a  fine  wire 
terminated  at  both  extremities  by  a  knob.  When 
an  excited  body  is  placed  in  contact  with  the  knob 
at  A,  the  knob  at  the  other  extremity  will  acquire 
the  same  electricity  as  the  excited  body.  This 
electricity  it  will  communicate  to  the  knob  of  the 
lac  needle  suspended  by  the  silk  thread  which  was 
previously  almost  in  contact,  and  the  two  knobs 
will  repel  each  other.  The  moveable  knob  attached 
by  the  silk  thread  will  separate  from  the  other,  and 
the  quantity  of  electricity  will  be  proportional  to 
the  distance  to  which  it  is  driven  off. 
coulomb's  Coulomb's  electrical  balance  is  an  instrument 

balance.  .    . 

intended  to  measure  the  quantity  of  electricity  in 
bodies,  and  indispensable  in  accurate  experiments. 
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Fig.  10,  represents  this  instrument  as  originally  chap.  ji. 
constructed  by  Coulomb. 

Fig.  10. 


A,  B,  C,  D,is  a  glass  cylinder  12  inches  in  diame- 
ter, and  12  inches  in  height.  On  the  top  of  it  is 
placed  a  glass  plate  13  inches  in  diameter,  which 
entirely  covers  the  glass  cylinder.  This  plate  is 
pierced  with  two  holes  about  20  lines  in  diameter. 
One  of  these  is  in  the  middle  at  f,  on  which  is 
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chap.  ii.  elevated  a  glass  tube  24  inches  in  height.  This 
tube  is  cemented  over  the  hole,  f,  by  the  com- 
mon cement  used  for  electrical  machines.  At 
its  upper  end  at  h  is  placed 
a  micrometer  of  tortion  seen  in 
detail  in  figure  11.  The  upper 
part  (fig.  11.)  carries  the  button 
by  the  index  i,  o,  and  the  pincers 
of  suspension,  q.  This  piece 
enters  into  the  hole  G  (fig.  11). 
The  piece  in  which  the  hole  G 
is  situated,  is  formed  of  a  circle, 
divided  into  360  degrees,  and  of 
a  copper  tube  <&,  which  enters 
into  the  tube  H,  soldered  to  the 
inside  of  the  upper  extremity  of 
the  glass  tube,/  h,  (fig.  10).  The 
pincers,  q,  (fig.  11),  have  very 
nearly  the  form  of  the  point  of  a 
black  lead  pencil,  and  the  two 
sides  may  be  forced  together  by  means  of  the  ring 

q.  These  pincers  support 
the  extremity  of  a  very  fine 
silver  wire.  The  other  ex- 
tremity of  this  wire  is  laid 
hold  of  at  P  (fig.  12),  by  the 
pincers  of  the  cylinder,  P,  O, 

of  copper  or  iron  ;  the  diameter  of  which  does  not 
exceed  a  line,  and  the  extremity  of  which,  P,  is  slit, 
forming  a  pair  of  pincers  which  are  shut  by  the 
ring,  o>.  The  little  cylinder  swells  out,  and  is 
pierced  at  C  to  pass  through  it  the  needle,  a,  g, 
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(figures  10  and  12.)  The  weight  of  this  little  chap.  n. 
cylinder  must  be  sufficient  to  stretch  the  silver  wire 
without  breaking  it.  The  needle,  a,  g9  seen  sus- 
pended horizontally  in  figure  10,  about  the  middle 
of  the  large  glass  cylinder  in  which  it  is  contained, 
is  formed  either  of  a  silk  thread  covered  with 
sealing  wax,  or  of  a  straw  equally  covered  with 
sealing  wax,  and  terminated  from  q  to  a,  a  space  of 
18  lines,  by  a  fine  cylinder  of  gum  lac.  At  the 
extremity,  a,  of  this  needle,  is  a  little  ball  of  elder 
pith  from  two  to  three  lines  in  diameter.  At  g  is 
a  vertical  plane  of  paper  imbibed  with  turpentine, 
which  serves  to  counterbalance  the  ball,  a,  and  to 
retard  its  oscillations. 

The  cover,  A,  D,  is  pierced  with  another  hole  at 
772.  By  this  second  hole  is  introduced  a  small  cylin- 
der, my  <x>,  t9  the  lower  part  of  which,  <D,  /,  is  of  gum 
lac.  At  t  is  a  ball  equally  of  the  pith  of  the  elder. 
Round  the  glass  vessel,  at  the  height  of  the  needle 
the  circle,  Z,  Q,  is  described,  and  divided  into  360 
degrees.  Or  a  slip  of  paper  divided  into  360  degrees 
may  be  pasted  round  the  glass  at  the  height  of  the 
needle. 

To  use  this  instrument  the  cover  is  so  placed  that 
the  hole,  m,  corresponds  with  the  0°  of  the  circle, 
Z,  O,  Q.  Then  the  index  of  the  micrometer,  o,  *",  is 
fixed  at  the  degree,  0°,  or  the  first  division  of  the 
micrometer.  The  whole  micrometer  is  then  turned 
in  the  tube,  f,  h,  till,  looking  by  the  vertical  wire 
which  suspends  the  needle  and  the  centre  of  the 
ball,  the  needle,  a,  g,  is  found  to  correspond  with 
the  first  division  of  the  circle,  Z,  O,  Q.  Then  by  the 
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Chap. ii.  hole  m,  the  other  ball,  t,  suspended  by  the  thread, 
~  w,  <s,  £,is  introduced,  so  that  it  touches  the  ball,  a,  and 
that  looking  by  the  centre  of  the  thread  of  suspen- 
sion, and  the  ball,  /,  we  observe  the  first  division,  o, 
of  the  circle,  Z,  O,  Q.  The  balance  is  now  fit  for 
all  the  different  operations  which  it  is  calculated 
to  perform. 


CHAPTER  III. 

OF  THE  RATE  AT  WHICH  CHARGED  BODIES  LOSE 
THEIR  ELECTRICITY. 


FOR  our  knowledge  of  this  subject,  which  consti-  chap.  in. 
tutes  an  essential  preliminary  to  all  other  electrical  " 
investigations,  we  are  indebted  to  the  sagacity  of 
Coulomb. 

It  is  well  known  that  an  electrified  conducting;  Bodies  lose 

.     &  electricity. 

body,  though  insulated,  soon  loses  its  electricity. 
This  is  occasioned  by  two  causes.  1.  The  air  always 
contains  conducting  bodies,  (the  particles  of  vapour 
for  example,)  which  gradually  carry  off  the  electri- 
city by  coming  in  contact  with  the  electrified  body 
imbibing  its  electricity,  and  then  flying  off.  The 
rapidity  of  the  action  of  these  conducting  bodies 
will  vary  with  their  number,  which  is  exceedingly 
different  according  to  the  different  states  of  the 
atmosphere.  2.  No  substance  seems  to  be  abso- 
lutely impervious  to  electricity,  all  seem  to  allow 
it  to  pass  though  with  greater  or  less  rapidity. 
Hence  the  electricity  passes  slowly  off  along  the 
substance  employed  as  an  insulator.  The  rapidity 
with  which  it  escapes  in  this  direction,  will  depend 
upon  the  nature  of  the  insulating  body.  Glass  has 
such  a  tendency  to  condense  vapour  that  it  is  a 
very  bad  insulator,  except  in  a  very  dry  atmo- 
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chap.;in.  sphere.  It  answers  better  if  it  be  covered  over 
~  with  a  varnish,  which  puts  an  end  to  the  tendency 
of  vapour  to  condense  on  its  surface.  Resinous 
bodies  answer  better  as  insulators  than  any  other, 
because  moisture  has  but  little  tendency  to  be 
deposited  on  them  from  the  atmosphere.  Hence 
this  great  source  of  the  loss  of  electricity  does  not 
exist  in  them.  Coulomb  found  that,  when  the 
charge  was  not  great,  a  small  cylinder  of  sealing  wax 
or  of  lac  about  ^  inch  in  diameter,  and  from  f  to 
|ths  of  an  inch  in  length,  insulates  completely  a 
sphere  of  elder  pith  about  half  an  inch  in  diame- 
ter. He  found  also  that  when  the  air  was  very 
dry,  a  very  fine  silk  thread  passed  through  boiling 
sealing  wax  insulates  perfectly,  if  it  be  5  or  6 
inches  long,  and  the  pith  ball  be  not  highly  charged 
with  electricity.* 

*•  Coulomb's  first  set  of  experiments  were  made 
to  determine  the  rate  at  which  a  body  loses  its 
electricity  by  the  contact  of  atmospherical  air.  He 
suspended  to  a  very  fine  silk  thread  covered  with 
sealing  wax,  and  terminated  by  a  small  cylinder  of 
gum  lac  18  or  20  lines  long,  a  small  sphericle  of 
elder  pith  similar  to  that,  on  the  needle  of  his  elec- 
tric balance.  He  introduced  it  by  the  hole  in  the 
lid  of  the  balance,  and  brought  it  in  contact  with 
the  pith  ball  on  the  needle.  An  insulated  pin  with 
a  large  head,  was  charged  with  electricity  and 
brought  in  contact  with  one  of  the  balls,  by  which 
an  equal  quantity  of  electricity  was  imparted  to 

*  Mem.  Paris,  1785,  p.  615. 
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both.  The  two  balls  mutually  repelled  each  other  chap.  HI. 
and  separated  to  such  a  distance,  that  the  force  of  ~ 
torsion  of  the  wire  of  the  balance  was  equal  to  the 
repulsive  force  of  the  balls.  Let  us  suppose  the 
ball  of  the  needle  driven  to  the  distance  of  40°. 
By  twisting  the  suspending  wire,  he  brought  it  to  a 
smaller  distance,  20°  for  example.  Let  us  suppose 
that  this  was  produced  by  twisting  the  thread  of 
suspension  140°.  The  moment  of  time  when  the 
ball  corresponds  exactly  to  20°  is  marked.  As  the 
electricity  is  dissipated,  the  balls  in  a  few  minutes 
will  begin  to  approach  each  other.  To  preserve 
them  always  at  the  same  distance  of  20°,  the  sus- 
pending thread  is  untwisted  by  means  of  the  index 
30  degrees,  and  in  consequence  of  this  untwisting, 
the  balls  separate  from  each  other  a  little  more  than 
20  degrees.  The  instant  that  the  balls  approach 
each  other  within  20°  is  marked,  and  the  interval 
of  time  which  has  elapsed  between  the  two  obser- 
vations, is  accurately  noted  down.  Suppose  this 
interval  to  be  3  minutes.  It  is  clear  that  the 
repulsive  force  at  the  time  of  the  first  observation 
was  measured  by  140  +  20=  160  degrees.  Three 
minutes  after  it  was  measured  by  110  +  20  =  130 
degrees.  That  is  to  say,  it  had  diminished  30°,  or 
at  the  rate  of  10°  per  minute.  As  the  mean  force 
between  the  two  observations  is  measured  by  145 
degrees,  and  as  it  diminishes  30°  in  3',  or  10°  per 
minute ;  the  electric  force  of  the  two  balls  dimin- 
ishes TVj  per  minute.  It  was  in  this  way  that  Cou- 
lomb formed  the  following  table,  representing 
observations  made  on  the  28th  of  May,  the  29th  of 
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chap.  in.  May,  the  22d  June,  and  2d  July.     These  four  days 

""  were  chosen  because  on  them  the  heat  was  nearly 

the  same,  but  there  was  a  considerable  difference 

in  the  degree  of  moisture  existing  in  the  atmosphere 

on  each,  as  indicated  by  Saussure's  hygrometer. 
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chap.  in.  From  the  last  column  of  the  preceding  table,  it 
~  is  obvious,  that  when  the  experiments  are  made  on 
the  same  day  and  in  the  same  circumstances,  the 
rate  of  electricity  lost  to  the  total  force  is  a  constant 
quantity ;  and  that  this  rate  varies  in  proportion  as 
the  hygrometer  indicates  a  variation  in  the  humidity 
of  the  air.  Hence  it  follows,  that  for  the  same  state 
of  the  air  the  loss  of  electricity  is  always  propor- 
tional to  the  electric  density. 

It  is  obvious,  that  the  ratios  in  the  seventh  column 
of  the  preceding  table,  refer  to  the  loss  of  electricity 
sustained  per  minute  by  the  two  balls.  And  as  the 
two  balls  were  equal,  the  loss  of  electricity  sustained 
per  minute  by  one  of  the  balls,  will  be  only  half 
the  quantity  given  in  this  column.  The  mean  loss 
of  electricity  sustained  by  the  two  balls  on  the  28th 
May,  being  ^  j>  it  is  clear  that  the  loss  sustained 
by  one  of  the  balls  will  only  be  y . 

?opnmois-  ^e  see  ^at  ^e  *oss  °f  electricity  from  the  con- 
ture-  tact  of  air,  depends  upon  the  moisture  contained  in 
it.  For  it  is  greatest  when  the  hygrometer  is 
highest,  and  least  when  the  hygrometer  is  lowest. 
A  more  extensive  set  of  experiments  is  still  wanting 
to  enable  us  to  determine  whether  the  loss  be 
all  owing  to  the  moisture  present;  and  if  it  be, 
at  what  rate  it  increases  with  the  increase  of 
moisture. 

Coulomb  determined  experimentally,  that  the 
loss  of  electricity  per  minute  is  the  same,  whatever 
the  nature  of  the  electrified  body  may  be,  and 
whatever  its  shape,  if  it  be  not  highly  electrified. 
For  in  that  case,  bodies  which  have  sharp  edges  or 
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angles  lose  their  electricity  much  faster  than  bodies  ChaP-  ni. 
which  have  no  such  angles  or  edges. 

2.  To  determine  the  loss  of  electricity  from  im- 
perfect  insulation,  the  natural  method  would  appear 
to  be  to  employ  insulating  substances,  which  possess sulation- 
the  property  of  insulating  very  imperfectly.  But 
when  this  is  done,  the  electricity  goes  off  so  fast, 
that  there  is  not  time  for  measuring  by  means  of 
the  balance  the  rate  at  which  the  charge  diminishes. 
This  induced  Coulomb  to  employ  a  pretty  good 
insulator.  The  pith  ball  attached  to  the  needle 
was  perfectly  insulated  as  in  the  first  set  of  expe- 
riments ;  but  the  ball  introduced  through  the  hole 
in  the  balance,  instead  of  being  insulated  as  in  the 
former  experiments  by  a  small  cylinder  of  gum  lac 
15  or  18  lines  in  length,  was  supported  by  a  thread 
of  raw  silk,  such  as  it  comes  from  the  cocoon,  and 
fifteen  inches  long. 

The  following  table  exhibits  the  results  of  two 
sets  of  experiments  made  precisely  as  in  the  former 
table,  and  on  the  same  days,  as  the  dates  will  show, 
namely,  the  28th  and  29th  of  May.  The  former 
table  shows  the  loss  of  electricity  on  these  days 
from  the  contact  of  air.  Hence,  by  comparing  the 
first  table  with  the  second,  we  can  easily  determine 
the  quantity  of  electricity  lost  in  a  given  time  along 
the  insulating  substances  employed  as  a  support. 
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From  the  inspection  of  this  table,  it  is  obvious  that  Chai>- 1IT- 
the  diminution  of  the  electricity  which  is  at  first 
much  more  rapid  than  it  would  have  been,  had  it 
been  produced  solely  by  the  contact  of  the  air, 
becomes  at  last,  when  the  density  is  diminished  to 
a  certain  point,  precisely  the  same.  It  is  certain 
from  this  that  a  silk  thread  15  inches  long,  becomes 
a  perfect  insulator,  when  the  reciprocal  action  of 
the  two  balls  is  measured,  in  the  first  experiment  of 
the  second  table  by  a  torsion  of  40°,  and  below  that. 
For  then  the  loss  of  electricity  is  only  £T  per  minute, 
the  same  as  it  had  been  observed  on  the  same  day, 
from  the  contact  of  air  alone.  In  the  second 
experiment  of  the  2d  table,  the  silk  thread 
became  a  perfect  insulator  when  the  repulsive 
action  of  the  two  balls  was  70°,  and  below ;  for 
then  the  loss  of  electricity  was  only  -fa  per  minute, 
as  it  had  been  found  the  same  day  from  the  contact 
of  the  air  alone. 


CHAPTER  IV. 

OF  THE  LAW  ACCORDING  TO  WHICH  ELECTRICAL 
ATTRACTIONS,  AND  REPULSIONS  VARY. 


chap.  iv.  THIS  law  was  first  investigated  by  Coulomb  in 
1785.  By  a  set  of  experiments  with  his  electrical 
balance  he  showed,  that  two  small  balls  charged 
with  the  same  kind  of  electricity  repel  each  other 
with  a  force  varying  inversely  as  the  square  of  their 
distances  from  each  other.  He  demonstrated  also 
by  experiments  conducted  with  the  same  apparatus, 
that  two  balls  charged  with  different  kinds  of  elec- 
tricity, attract  each  other  with  forces  varying 
inversely  as  the  squares  of  their  distances  from  each 
other.* 

1.  The  following  are  the  experiments  by  which 
Sectrica"     Coulomb  demonstrated  the  law  of  electrical  repul- 
sion. 

(1.)  Having  electrified  the  two  balls  of  the  bal- 
ance by  means  of  the  head  of  a  large  pin,  the  index 
of  the  micrometer  corresponding  with  0,  the  ball  a 
of  the  needle  separated  from  the  ball  t,  36  degrees. 
(See  fig.  10)  p.  375. 

(2.)  Having  twisted  the   suspending  wire  126 

*  Mem.  Paris  1788,  p.  572. 
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degrees,  the  two  balls  approached  each  other,  and  Chap.  iv. 
remained  at  18  degrees  distance. 

(3.)  The  suspending  wire  being  twisted  5'67 
degrees,  the  two  balls  approached  within  8^  degrees 
of  each  other. 

The  two  balls  before  being  electrified  touched 
each  other,  and  the  centre  of  the  ball  a  attached  to 
the  needle,  is  not  farther  distant  from  the  point 
where  the  torsion  of  the  suspending  wire  is  0,  than 
half  the  diameter  of  the  two  balls.  The  silver  wire 
which  suspended  the  needle  was  28  inches  long,  and 
it  was  so  fine  that  its  weight  was  only  TVth  of  a 
grain.  And  Coulomb  demonstrated  that,  to  twist 
this  wire  360  degrees  the  force  requisite  at  the 
point  a,  with  a  lever  a  n  of  four  inches  long  is  only 
yioth  of  a  grain.  Hence,  as  the  forces  of  torsion 
are  as  the  angles  of  torsion,  the  least  repulsive  force 
between  the  two  balls,  separates  them  sensibly  from 
each  other. 

In  the  first  experiment  the  index  of  the  microm- 
eter being  at  0,  the  balls  separated  36°.  This 
occasioned  a  torsion  of  36°=^o(jth  of  a  grain.  In 
the  second  experiment  the  distance  of  the  balls  was 
18°,  but  as  the  micrometer  was  turned  126°,  it 
follows  that  at  the  distance  of  18°  the  repulsive 
force  was  144°.  Thus  when  the  distance  is  reduced 
to  one  half,  the  repulsive  force  is  quadrupled. — In 
the  third  experiment,  the  suspending  wire  was 
twisted  567°,  and  the  two  balls  were  reduced  to  the 
distance  of  8°\5  from  each  other.  Here  the  total 
torsion  was  576°,  or  four  times  as  much  as  in  the 
second  experiment.  And  there  is  only  half  a  degree 


390  LAW  OF  ELECTRICAL 

chap.  iv.  wanting  to  render  the  distance  of  the  balls  in  the  third 

varies  as    experiment,  one  half  of  what  it  was  in  the  second. 

-^r  Thus  it  follows  from  these  three  experiments,  that 

the  repulsive  forces  exercised  upon  each  other,  by 

two  balls  charged  with  the  same  kind  of  electricity, 

are  inversely  as  the  squares  of  the  distances. 

The  electricity  of  the  two  balls  diminishes  a  little 
during  the  continuance  of  the  experiments.  Cou- 
lomb ascertained  that  on  the  day  on  which  the 
experiments  were  made,  the  electrified  balls  being 
in  consequence  of  their  repulsion  30°  distant  from 
each  other,  under  an  angle  of  torsion  of  50°, 
approached  each  other  1°  in  three  minutes.  As  he 
took  only  two  minutes  to  make  the  three  preceding 
experiments,  the  error  resulting  from  the  loss  of 
electricity  may  be  neglected.  But  when  a  still 
greater  degree  of  precision  is  required,  or  when  the 
day  is  moist,  the  best  way  of  proceeding  is,  by  a 
preliminary  experiment  to  determine  the  loss  of 
electricity  per  minute,  and  then  to  employ  this 
observation  to  correct  the  result  of  the  experiments 
made  on  that  day. 

The  distance  of  the  two  balls  when  they  are 
separated  from  each  other  by  their  mutual  repulsion, 
is  not  accurately  measured  by  the  angle  which  they 
form,  but  by  the  chord  of  the  arc  which  joins  their 
centres.  The  lever  at  the  extremity  of  which  the 
action  is  exercised,  is  not  measured  by  half  the 
length  of  the  needle,  or  by  the  radius ;  but  by  the 
cosine  of  half  the  angle  formed  by  the  distance  of 
the  two  balls.  These  two  quantities,  one  of  which 
is  smaller  than  the  arc,  and  diminishes  of  course 
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the  distance  measured  by  that  arc,  while  the  other  chap.  iv. 
diminishes  the  lever,  compensate  each  other  in 
some  respects.  When  the  arcs  are  small  as  in  the 
preceding  experiments,  we  may  take  them  as  giving 
the  distance  without  sensible  error.  In  other  cases 
a  rigorous  calculation  must  be  made. 

2.  The  balance  did  not  answer  so  well  for  deter- 
mining the  law  of  the  attractions  of  bodies  charged 
with  different  kinds  of  electricity.  Because  the 
balls,  when  brought  within  a  certain  distance  of 
each  other,  approach  and  come  into  contact,  which 
prevented  the  attracting  force  at  different  distances 
from  being  observed.  Coulomb  therefore  deter- 
mined  the  attractive  force  by  bringing  a  small  ball 
charged  with  electricity,  within  a  certain  distance  of  attractions. 
a  sphere  excited  by  the  opposite  electricity.  The 
attractive  force  was  measured  by  the  number  of 
vibrations  in  a  given  time,  in  the  same  way  as  the 
force  of  gravitation  in  different  parts  of  the  earth's 
surface,  is  measured  by  the  number  of  vibrations  of 
a  pendulum  of  a  given  length.  The  apparatus 
employed  in  these  experiments  was  the  following. 
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Fig.  13. 


Fig.  14. 


The  needle,  /,  #,  (fig.  13),  of  gum  lac  was  sus- 
pended by  the  raw  silk  thread,  s,  c,  seven  or  eight 
inches  long.  At  the  extremity,  /,  was  fixed  per- 
pendicularly to  the  needle,  a  small  circle  8  or  10 
lines  in  diameter,  but  very  light  and  formed  from  a 
sheet  of  gilt  paper.  The  silk  thread  is  fixed  at  s,  to 
the  lower  extremity  of  a  slip  of  wood  dried  in  the 
oven,  and  covered  with  a  coating  of  lac  varnish. 
This  piece  of  wood  is  fixed  by  screws  at  t,  to  a 
frame  which  moves  along  the  rod,  o,  E,  and  which 
may  be  stopped  at  pleasure  by  means  of  the 
screw,  v. 
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G,  is  a  globe  of  copper  or  pasteboard,  covered  chap.  iv. 
by  tin-foil  supported  by  four  pillars  of  glass  coated 
over  with  lac  varnish,  and  having  the  upper  extre- 
mities of  each,  (that  the  insulation  may  be  more 
complete)  terminating  in  a  stick  of  sealing  wax 
three  or  four  inches  long,  these  four  pillars  are 
fixed  below  in  a  piece  of  wood  which  is  placed  on 
a  small  table,  which  may  be  elevated  and  lowered 
at  pleasure  and  fixed  at  the  requisite  height  for  the 
experiment.  The  rod  o  E  may  also,  by  means  of 
the  screw  E,  be  fixed  at  any  height  required. 

Things  being  thus  prepared,  the  globe  G,  was  so 
placed  that  its  horizontal  diameter  G,  r,  correspond- 
ed with  the  centre  of  the  disc  /,  distant  from  it  some 
inches.  A  spark  was  given  to  the  globe  by  means 
of  a  Leyden  bottle,  while  at  the  same  time  a  con- 
ducting body  was  presented  to  the  disc  /.  The 
consequence  of  this  was  evidently  that  the  disc 
became  charged  with  an  electricity  different  from 
that  of  the  globe  G.  Hence  when  the  conductor 
was  withdrawn,  the  globe  and  the  disc^mutually 
attracted  each  other. 

The  globe  G,  was  a  foot  in  diameter,  while  that 
of  the  disc  /,  was  seven  lines  ;  the  needle  I  g,  was  15 
lines  long.  The  silk  thread  s  c,  was  a  single  fibre, 
such  as  is  spun  by  the  silk  worm  8  lines  long. 
When  the  frame  (which  slid  along  o  E,)  was  at  o, 
the  disc  /,  touched  the  globe  at  r,  and  in  proportion 
as  the  frame  was  drawn  towards  E,  the  disc  was 
withdrawn  from  the  centre  by  quantities  given  by 
the  divisions  0,  3,  6,  9,  12  inches,  (marked  upon 
the  leg  o,  E,  but  not  given  in  the  figure,)  the  globe 
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Chap,  iv,  was  electrified  positively,  and  of  consequence  the 
~  disc  negatively.     The   result  of  the  experiments 
was  as  follows. 

(1)  The  disc  /,  being  3  inches  from  the  surface 
of  the  globe  or  9  inches  from  its  centre  gave  15 
oscillations  in  20". 

(2)  The  disc  being  18  inches  from  the  centre  of 
the  globe,  gave  15  oscillations  in  40". 

(3)  The  disc  being  24  inches  from  the  centre  of 
the  globe  gave  15  oscillations  in  60". 

Let  us  see  what  consequences  may  be  deduced 
from  these  three  experiments. 

It  is  well  known  that  when  all  the  points  of  a 
spherical  surface  act  by  an  attracting  or  repelling 
force  inversely  as  the  square  of  the  distance,  on  a 
point  placed  at  some  distance  from  that  surface, 
the  action  is  the  same  as  if  the  whole  spherical 
surface  were  concentrated  in  the  centre  of  the 
sphere.  As  in  the  preceding  experiments,  the  disc 
/,  was  only  7  lines  in  diameter,  and  was  never  less 
than  9  inches  from  the  centre  of  the  sphere,  we 
may  without  sensible  error  suppose  all  the  lines 
which  go  from  the  centre  of  the  sphere  to  a  point 
of  the  disc,  parallel  and  equal.  Consequently  the 
whole  action  of  the  disc,  may  like  that  of  tlie  globe, 
be  considered  as  united  in  its  centre.  So  that  in 
the  small  oscillations  of  the  needle,  the  action 
which  makes  the  needle  oscillate  will  be  a  constant 
quantity  for  a  given  distance,  and  it  will  act  in  the 
direction  of  the  line  which  joins  the  two  centres. 
If  we  call  p  the  force,  and  T,  the  time  of  a  certain 
number  of  oscillations,  we  will  have  T,  proportional 
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Chap.  IV. 


to  But  if  d,  is  the  distance  G,  /,  from  the 

V9- 

centre  of  the  globe  to  the  centre  of  the  disc,  and 
if  the  attracting  forces  be  inversely  as  the  square 

of  the  distance  or  as  ~^-  it  will   follow  that    T, 

d2  , 

will  be  proportional  to  d,  or  to  the  distance.  Hence 
in  the  preceding  experiments,  if  the  attractive  force 
varies  inversely  as  the  square  of  the  distance,  the 
time  of  the  same  number  of  oscillations  should  be 
as  the  distance  from  the  centre  of  the  disc  to  the 
centre  of  the  globe.  Let  us  compare  the  experi- 
ments with  the  theory. 

Distances. 

1st  Experiment         .          9  inches         .         20" 
2d         do.  .18    do.  .         40" 

3d         do.  ...;'      24    do.  .         60" 

The  distances  are  as         .         .         3,         6,         8 
The  times  as  ...         20,     40,       60 

By  theory  they  should  be          .         20,     40,       54 

The  numbers  in  the  first  and  second  experiments 
correspond  with  the  theory.  When  we  compare 
the  third  with  the  first,  the  discordancy  amounts  to 
roth.  But  it  is  necessary  to  remark  that  these 
three  experiments  occupied  about  4  minutes. 
Upon  the  day  of  the  experiments,  the  loss  of  elec- 
tricity per  minute  was  ^Vth.  Now  Coulomb  de- 
monstrated that  when  the  density  of  the  electricity 
is  not  very  great,  the  electric  action  of  two  electri- 
fied bodies  diminishes  in  a  given  time  exactly  as 
the  electric  density.  Hence  as  the  experiments 
lasted  4',  and  the  loss  was  ^  per  minute,  the  in- 
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chap,  iv.  tensity  must  have  been  diminished  (independent  of 
distance)  about  ?oth.  Hence  to  have  the  corrected 
time  of  the  15  oscillations  in  the  last  experiments, 
we  must  say  ^/lO  :  +/Q  *•  •  GO"  :  quantity  sought  = 
57".  This  differs  by  only  *V  th  from  the  number 
60"  found  by  experiment. 

Thus  it  appears  that  the  electrical  attractions  as 
well  as  repulsions  vary  inversely  as  the  square  of 
the  distance. 

hope's  ex.  The  late  Earl  of  Stanhope  showed  by  a  very 
ingenious  set  of  experiments,  which  he  published 
in  the  year  1779,  that  the  density  of  electricity  in 
the  electrical  atmosphere  surrounding  an  excited 
body,  diminishes  inversely  as  the  square  of  the  dis- 
tance from  the  charged  body.  As  this  in  fact 
comes  to  the  same  thing  as  the  demonstration  of 
the  rate  at  which  electrical  attractions  and  repul- 
sions vary,  made  by  Coulomb  seven  years  later,  or 
in  the  year  1785,  electricity  is  really  indebted  to 
this  nobleman  for  this  important  discovery.  On 
this  account  it  will  be  proper  here  to  point  out  the 
steps  by  which  his  Lordship  was  led  to  the  conclu- 
sion just  stated. 

It  had  been  already  ascertained  by  Canton,  that 
an  electrified  body  communicates  its  own  electri- 
city to  all  the  particles  of  air  which  come  in  con- 
tact with  it.  These  particles  are  immediately  re- 
pelled and  their  place  supplied  by  a  new  set  of 
aerial  particles.  The  consequence  of  this  must  be, 
that  the  air  immediately  surrounding  an  excited 
body  must  be  also  excited,  and  must  possess  the 
same  kind  of  electricity  with  the  excited  body. 
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It  is  obvious  that  the  electrical  density  of  this  chap.  iv. 
air  must  diminish  according  to  its  distance  from 
the  surface  of  the  excited  body.  Hence  according 
to  Lord  Stanhope,  the  reason  why  bodies  charged 
with  the  same  kind  of  electricity  repel  each  other. 
They  must  move  to  those  parts  of  their  atmospheres 
where  the  electricity  is  least.  Bodies  excited  with 
different  kinds  of  electricity  on  the  contrary  ap- 
proach each  other,  because  each  moves  towards 
the  extremity  of  its  electrical  atmosphere. 

The  reason  why  points  part  with  electricity  so 
easily,  is  that  they  penetrate  into  a  much  less  dense 
electrical  atmosphere.  Hence  the  resistance  to 
the  escape  of  electricity  is  small. 

When  a  body  is  placed  within  the  electrical 
atmosphere  of  another,  but  beyond  the  striking 
distance,  the  end  next  the  charged  body,  assumes 
an  opposite  electricity,  while  the  end  farthest  remote 
assumes  the  same  kind  of  electricity  with  the  excited 
body,  and  there  will  be  a  neutral  point  somewhere 
between  these  two  extremities. 

Fig.  15. 


D 


Let  P  C,  (fig.  15)  be  a  charged  body,  and  let 
A  B,  be  a  brass  cylinder  terminating  in  hemi- 
spheres, placed  within  the  electrical  atmosphere  of 
P  C,  but  so  far  from  it  that  a  spark  cannot  pass 
from  C  to  A ;  and  let  A  B,  be  insulated.  Let  P 
C,  be  charged  with  positive  electricity.  The  ex- 
tremity A,  will  be  charged  with  negative  electricity, 
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chap.  iv.  while  the  extremity  B,  will  be  charged  with,  positive 
"electricity,  Between  A,  and  B,  there  will  be  a 
point,  D,  which  is  neutral,  or  which  exhibits  no 
phenomena  either  of  vitreous  or  resinous  electricity. 
Now,  Lord  Stanhope  showed  by  numerous  experi- 
ments, that  the  place  of  the  point,  D,  varies  with 
the  distance  of  A  from  C.  And  that  it  is  always 
a  fourth  point  of  an  harmonical  division  of  the  line, 
BAG,  the  other  three  points  C,  A,  B,  being  given. 

It  is  well  known  to  mathematicians,  that  three 
quantities  are  said  to  be  in  harmonical  ratio,  when 
the  first  is  to  the  third,  as  the  first  minus  the  second 
is  to  the  second  minus  the  third.  Suppose  the  line, 
C  B,  to  be  divided  in  the  points,  A,  and  D,  in 
harmonical  proportion,  the  quantities  are  as 
follows: 

1st,  C  B, 
2d,  C  D, 
3d,  C  A, 

Then  we  have    C    B  :  C    A  :  :  C    B— C  D, 
(=  B  D)  :  C  D— C  A,  (=  A  D) 
Let  A  B,  =  40  inches, 
A  C,  =  36  we  have 

B  C,  +  A  C  :  A  C  :  :  B  D,  +  A  D   :  A  D,  or 
B  A,  +  2  A  C  :  A  C  :  :  A  B  :  A  D,  or 

40  +  72  :  36  :  :  40  :  A  D.     Hence, 
A  D  =  12f. 

Thus  it  appears,  that  when  the  distance  between 
C,  and  A,  is  36  inches,  and  the  cylinder,  A  B,  40 
inches,  the  neutral  point,  D,  is  situated  12f  inches 
from  the  extremity  A,  and  26f  inches  from  the 
extremity,  B. 
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The  following  table  exhibits  the  result  of  the  chap.  iv. 
experiments  made  by  Lord  Stanhope,  A  B,  being  " 
placed  at  different  distances  from  the  prime  con- 
ductor, P  C.     The  length  of  A  B,  was  always  40 
inches. 

Length  of  AC,  Length  of  A  D,  Proportion  of 

in  inches.         in  inches.  A  D,  to  A  B. 


16 

20 


24 

2*x840  =  10i 

28 

28X40  _  nf 

32 

32X«> 

104           l2Ti 

Sfl 

36X40_    ,06 

6  1 
22  °r  If 

7  1 
M  °r  If 


48><40-       A        21        -L 


44 

[ 

These  results  show  that  the  point  D,  is  always 
such  that  the  lines  C  B,  C  D,  C  A,  are  in  harmonic 
proportion,  the  points  C,  A,  and  B,  being  given. 
To  obtain  them  it  is  necessary  that  the  air  should 
be  dry.  Should  there  be  any  moisture  in  the 
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chap.  iv.  atmosphere  to  carry  off  the  electricity  from  A  B, 
~  the  situation  of  D,  will  no  longer  be  such  as  to 
divide  the  line  C  B,  in  the  harmonic  proportion. 

It  is  obvious  enough  that  the  two  limits  of  the 
point  D,  are  the  middle  of  the  line  A  B,  and  the 
nearest  extremity  A.  It  will  be  in  the  middle  of 
the  line  A  B,  when  the  body  A  B,  is  at  an  infinite 
distance  from  P  C.  It  will  be  in  A,  when  the 
body  A  B,  touches  P  C. 

It  is  clear  that  the  position  of  D,  must  be  always 
such,  that  the  plane  passing  through  it,  will  divide 
the  electricity  of  the  body  A  B,  into  two  equal 
parts  if  the  density  of  the  electricity  of  the  elec- 
trical atmosphere  diminished  inversely  as  the  simple 
distance  from  the  charged  body  PC.  Then  the  whole 
of  the  electricity  of  this  atmosphere  round  A  B, 
would  be  represented  by  the  hyperbolical  area  (see 
Frontispiece)  A  N  Q  B,  contained  between  the  equi- 
lateral hyperbola  N  R  Q,  the  asymptote  A  B,  from 
the  centre  C,  and  the  ordinates  A  N,  and  B  Q. 
And  if  the  electrical  atmosphere  had  its  electricity 
diminished  according  to  that  law,  the  point  D, 
would  be  found  by  taking  the  ordinate  D  R,  a 
mean  proportional  between  A  N,  and  B  Q.  But 
if  the  electricity  of  the  electric  atmosphere  dimin- 
ishes inversely  as  the  squares  of  the  distance  from 
P  C,  then  this  electricity  round  A  B,  will  be  re- 
presented by  the  hyperbolical  solid  n  N  Q  q, 
formed  by  the  revolutions  of  the  hyperbolical  space 
A  N  Z  W,  round  the  asymptote  C  W.  This  space 
is  bounded  by  the  portion  of  the  equilateral  hyper- 
bola intercepted  between  the  ordinates  AN,  B  Q. 
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It  is  a  known  property  of  this  hyperbolical  solid  ChaP- IV- 
n  N,  Z  z9  that  the  area  of  any  perpendicular  section 
represented  by  n  A  N,  will  be  to  the  area  of  any 
other  perpendicular  section,  r  D  R,  q  B  Q,  in- 
versely as  the  squares  of  their  respective  distances, 
(A  C,  C  D,  C  B,)  from  the  centre  C  of  the  hyper- 
bola.  Hence  the  quantity  of  electricity  superin- 
duced upon  the  curved  surface  of  the  insulated 
cylindrical  body  A  B,  at  the  distances  C  A,  C  D, 
C  B,  from  the  charged  body  P  C,  will  be  exactly 
proportional  to  the  areas  of  the  circular  sections 
represented  by  n  A  N,  r  D  R,  q  B  Q,  &c.  Now 
to  find  the  position  of  the  point  D,  we  have  to  find 
the  point  in  the  asymtote  C  W,  through  which  a 
plane  r  D  R,  being  passed,  will  divide  the  hyper- 
bolic solid  n  N  Q  q,  into  two  equal  parts.  That 
plane  will  obviously  determine  the  position  of  D. 

Now  to  divide  the  hyperbolical  solid  into  two 
equal  halves,  we  have  only  to  take  D  R,  an  arith- 
metical mean  between  the  two  ordinates,  A  N, 
B  Q ;  or  the  point,  D,  is  such  that  the  ordinate, 
D  R,  is  equal  to  half  the  sum  of  the  two  ordinates, 
A  N,  B  Q.  Or,  which  is  the  same  thing,  (from 
the  nature  of  the  hyperbola),  we  must  take  the 
hyperbolical  abscisse,  C  D,  a  mean  harmonical 
proportional  between  the  two  abscisses,  C  B,  and 
C  A.  That  is,  we  must  take  the  point,  D,  so  that 
the  whole  line,  C  B,  is  to  its  extreme  part,  C  A, 
as  the  other  extreme  part,  B  D,  is  to  the  middle 
part,  D  A.  For  it  is  a  well  known  proposition,  that 
the  reciprocals  of  quantities  which  are  in  arithmeti- 
cal progression,  will  be  in  harmonical  progression. 

i.  2  D 
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chap.  iv.      That  the  plane,  R  D  r,  will   divide  the  solid, 
~n  N  Q  q,   into  two  equal  parts  may  be  demon- 
strated in  the  following  manner. 

Let  p  denote  the  ratio  of  the  circumference  of  a 
circle  to  its  diameter,  or  (which  is  the  same  thing) 
the  ratio  of  the  area  of  a  circle,  to  the  square  of  its 
radius. 

Then  the  cylinder,  v  V  N  n,  (whose  height  is 
A  C,  and  the  radius  of  whose  base  is  N  A,)  will 
evidently  be  equal  to^xNAxNAxAC. 

The  cylinder  x  X  R  r  will  be  equal  to 
4?xRDxRDxCD. 

And  the  cylinder  #  Y  Q  ?  =  p  xQBxQB 
xCB. 

Now  from  the  nature  of  the  hyperbola,  every 
rectangle  under  any  abscisse,  and  its  correspondent 
ordinate  will  be  a  given  quantity,  which  we  shall 
call  c_c.  Therefore, 

NAxAC=RDxDC=QBxBC=£_f. 

And  the  cylinder  vV  Nn  =  px  cc  x  N  A. 
tfXRr  =px  cc  x  RD. 
3/YQ^  =  j9XccxQB. 

Therefore,  (dividing  by  the  common  quantity, 
py.cc)  the  cylinders  <v  V  N  n,  x  X  R  r, 
y  Y  Q  q,  are  exactly  in  the  same  ratio  to  each 
other,  as  the  ordinates  N  A,  R  D,  and  Q  B, 
respectively. 

Now  R  D  is  an  arithmetical  mean  between 
A  N  and  B  Q,  therefore  the  cylinder  x  X  R  r, 
is  an  arithmetical  mean  between  the  cylinders 
»V  N  n  and  y  Y  Q  q.  That  is  to  say,  v  V  N  n 
—  #X  Rr=.,rX  Rr—  Y. 
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But  it  has  been  demonstrated  that  every  infinite  chap.  iv. 
acute  hyperbolic  solid,  is  equal  to  the  cylinder  whose 
base  is  the  same  with  that  of  the  solid,  and  whose 
height  is  equal  to  the  distance  between  that  base 
and  the  centre  of  the  hyperbola.     Therefore, 
v  V  N  n  =  infinite  acute  hyperbolic  solid  n  N  Z  z. 
xXRr  =  rRZz. 
#YQ<7  =  gQZz. 

Consequently, 

v  V  N  n  —x  XRr  =  BNZ*  —  rRZ.*  =  /2N 
Rrand^XRr—  yYQq=rRZz—  g  Q  Z  z 


Hence  it  follows  that  w  N  Rr  =  r 

Thus  it  follows  evidently  from  the  experiments 
of  Lord  Stanhope,  that  the  density  of  the  electricity 
of  electrical  atmospheres  diminishes  inversely  as 
the  square  of  the  distance  from  the  excited  body. 


CHAPTER  V. 

OF  THE  DISTRIBUTION  OF  ELECTRICITY  ON  BODIES. 


ter. 


chap,  v.  COULOMB  demonstrated  that  it  is  a  consequence 
of  the  law,  that  the  particles  of  electricity  repel 
each  other  inversely  as  the  square  of  their  distance, 
that  the  electricity  when  accumulated  in  a  con- 
ducting body  is  distributed  totally  on  the  surface  of 
the  body,  and  that  none  of  it  exists  in  the  interior 
of  the  body.*  He  showed  likewise  the  truth  of  this 
law  experimentally. 

^ne  electrometer  which  he  employed  for  that 
purpose  was  exceedingly  delicate.  It  was  made  in 
the  following  manner.  A  thread  of  gum  lac  was 
drawn  at  the  flame  of  a  candle  about  the  thickness 
of  a  stout  hair,  and  from  ten  to  twelve  lines  in 
length.  One  of  its  extremities  was  attached  to  the 
thick  end  of  a  small  pin  deprived  of  the  head. 
This  pin  was  suspended  by  a  thread  of  raw  silk, 
such  as  it  is  spun  by  the  silk  worm.  To  the  other 
extremity  of  the  gum  lac  thread  was  fixed  a  circle 
of  tinsel,  about  two  lines  in  diameter.  The  whole 
of  thiselectrometer  wa  suspended  in  a  glass  cylinder 
to  prevent  it  from  being  affected  by  currents  of  air. 
Its  sensibility  was  such  that  a  force  amounting  only 

*  Memoires  Paris  1786,  p.  75. 
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to  the  60  thousandth   part  of  a  grain,    made   it  Cha?-  v- 
move  more  than  90  degrees. 

To  this  electrometer  a  small  degree  of  the  same 
electricity  was  given  as  that  of  the  body  to  be 
tried.  The  substance  subjected  to  experiment  was 
a  cylinder  of  solid  wood,  four  inches  in  diameter, 
pierced  by  several  holes  of  four  lines  in  diameter, 
and  four  lines  in  depth.  This  cylinder  was  placed 
upon  a  nonconductor,  and  several  electric  sparks 
were  given  to  it  either  by  means  of  a  Leyden  phial, 
or  the  plate  of  an  electrophorus.  At  the  extremity 
of  a  small  cylinder  of  gum  lac  of  a  line  in  diameter, 
was  insulated  a  small  circle  of  gilt  paper  of  a  line 
and  a  half  in  diameter. 

This  little  circle  of  gilt  paper  was  made  to  touch 
the  surface  of  the  excited  wooden  cylinder.  It 
was  then  presented  to  the  electrometer,  previously 
excited  slightly  with  the  same  kind  of  electricity 
as  the  wooden  cylinder.  The  electrometer  was 
forcibly  repelled.  It  was  then  introduced  into 
one  of  the  holes  in  the  wooden  cylinder  and  brought 
in  contact  with  the  bottom,  taking  care  not  to 
touch  the  sides  of  the  hole,  nor  the  surface  of  the 
cylinder  of  wood.  When  presented  to  the  elec- 
trometer, it  either  gave  no  signs  of  possessing  any 
electricity,  or  gave  feeble  symptoms  of  containing 
an  electricity  different  from  that  of  the  cylinder  of 
wood.  The  reason  of  this  opposite  electricity, 
which  was  only  occasionally  observed,  was  that 
when  the  little  cylinder  of  gum  lac  is  introduced 
into  the  hole,  the  electrical  action  of  the  surface  of 
the  excited  body  communicates  to  the  gum  lac,  a 
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chap.  v.  small  quantity  of  an  electricity  different  from  its 
own,  because  this  small  thread  of  gum  lac  is  insu- 
lated within  the  sphere  of  its  activity.  The  proof 
that  this  explanation  is  satisfactory,  is,  that  if  we 
touch  the  gilt  paper  circle  we  do  not  destroy  the 
small  quantity  of  electricity  which  it  possesses, 
showing  that  this  electricity  must  be  lodged  in  the 
lac,  and  not  in  the  gilt  paper.* 

We  may  take  a  hollow  sphere  of  metal,  having 
in  it  a  hole  of  a  few  lines  in  diameter,  place  it  upon 
a  nonconductor,  and  communicate  electricity  to  it 
by  means  of  an  electrical  machine.  When  the 
sphere  is  thus  excited,  we  may  introduce  into  its 
interior  a  small  metallic  globule  attached  to  the 
extremity  of  a  gum  lac  thread.  Upon  withdrawing 
this  metallic  globule,  and  presenting  it  to  an  elec- 
trometer we  shall  find  that  it  has  no  electricity 
whatever,  or  that  it  has  (occasionally  for  the  reason 
already  explained)  a  feeble  electricity  of  the  oppo- 
site nature  from  that  of  the  metallic  sphere. 

Thus  it  appears  that  the  quantity  of  electricity 
accumulated  in  a  body,  depends  not  upon  the 
quantity  of  matter  in  the  body,  but  upon  the  extent 
of  its  surface ;  and  that  hollow  bodies,  however 
thin,  may  be  charged  with  just  as  much  electricity 
as  bodies  of  the  same  surface,  and  quite  filled  with 
matter.  Advantage  is  taken  of  this  important  fact 
in  constructing  the  prime  conductors  of  electrical 
machines,  which  are  always  made  hollow  and  thin 
for  the  sake  of  lightness. 

*  Mem.  Paris  1786,  p.  72. 
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There  is  a   curious  enough  experiment,  which    ChaP  v- 
serves  to  show  that  electricity  is  confined  to  the  Experimen. 
surface  of  bodies,  and  which  therefore  may  be  men-  thi8.proof  of 
tioned  here.     Let  M  N, 

be  an  insulated  conduc-  K  c  1  M  I  I  K  Uuf^ 
tor,  movable  on  an  axis. 
Let  a  metallic  ribbon  be 
rolled  on  this  cylinder 
to  the  extremity  "of 
which  is  attached  a  silk 

thread  D.  To  this  conductor  let  a  sensible  elec- 
trometer be  attached,  composed  of  two  metal  or 
linen  threads,  to  the  extremities  of  which  two  pith 
ball  sphericles  are  attached.  When  electricity  is 
communicated,  to  this  conductor,  the  pith  balls 
immediately  repel  each  other.  Unroll  the  ribbon 
by  pulling  the  silk  thread  D ;  in  proportion  as  the 
ribbon  is  unrolled,  the  pith  balls  approach,  and  if 
the  weather  be  dry,  all  signs  of  electricity  disappear 
when  the  ribbon  is  unrolled ;  and  the  balls  begin 
anew  to  separate,  when  the  ribbon  is  again  rolled 
on,  and  diverge  as  far  as  ever  when  matters  are 
restored  to  their  original  state. 

Electricity  then  is  all  deposited  on  the  surface  of 
bodies,  and  the  only  obstacle  to  its  leaving  that 
surface  and  being  instantly  dissipated,  is  the  press- 
ure of  the  atmosphere.* 

*  Strictly  speaking  there  is  another  obstacle.  It  is  the  difficulty 
with  which  electricity  passes  along  certain  bodies.  This  seems  to 
be  owing  to  something  like  an  adhesion  between  the  surface  of  the 
body  and  the  fluid.  This  view  of  the  subject  is  strengthened  by 
the  well  known  fact,  that  the  conducting  power  diminishes  with 
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chap.  v.       Coulomb  proved  by  very  simple  but  convincing 
Electricity  experiments,    that    electricity   deposites   itself  on 
fftoThe011"  bodies  according  to  their  surface,  that  it  has  no 
surfaces.      affinity    or   attraction    for   one   body   more    than 
another ;  but  that  if  two  bodies  having  the  same 
surface  be  placed  in  contact,  whatever  their  nature 
may  be,   they  will  divide  the   electricity  equally 
between  them.     With  this  distinction,  depending 
upon  the  unknown   cause  why  some  bodies  are 
good  and  some  bad  conductors,  that  if  a  good  con- 
ductor touch  an  excited  body  of  the  same  surface, 
it  will  instantly  take  possession  of  one  half  of  its 
surplus  electricity,  whereas  a  bad  conductor  requires 
to  be  left  a  little  while  in  contact  with  the  excited 
body,  to  be  able  to  assume  its  proper  quantity.* 

When  the  excited  body  is  a  sphere,  the  thickness 
of  the  electric  coating  ought  from  reasons  of  syme- 
try  to  be  every  where  equal.  And  this  conclusion 
is  conformable  to  experiment. 

When  additional  quantities  of  electricity  are 
accumulated  upon  the  surface  of  a  sphere,  it  comes 
to  the  same  thing  as  far  as  the  experimental  inves- 
tigation is  concerned,  whether  the  thickness  of  the 
coating  of  electricity  be  increased,  or  whether,  the 
thickness  remaining  the  same,  the  density  of  the 
electricity  augments  on  each  point  of  the  surface. 
The  first  supposition  is  more  conformable  to  our 
notions  of  a  fluid  than  the  second. 

the  intensity  of  the  electricity.     This  adhesion  must  to  a  certain 
extent  be  similar  to  attraction,  and  it  is  probably  the  great  cause 
of  the  attractions  and  repulsions  between  excited  bodies. 
*  Mem.  Paris  1786,  p.  69. 
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Coulomb  made  a  set  of  experiments,  to  deter-  ChaP-  v- 
mine  the  way  in  which  electricity  is  distributed  on 
the  surface  of  bodies  of  various  shapes.*  His 
method  was  to  apply  a  small  gilt  paper  disc  insu- 
lated on  a  thread  of  gum  lac,  to  different  parts  of 
the  excited  body  in  succession,  and  to  measure  by 
means  of  his  balance  the  quantity  of  electricity 
with  which  it  became  charged.  He  proved  by  a 
set  of  experiments  equally  simple  and  decisive, 
that  the  quantity  of  electricity  with  which  the  disc 
became  charged,  was  sensibly  the  same  with  that 
of  the  point  of  the  surface  of  the  excited  body  with 
which  it  had  been  placed  in  contact,  and  that  when 
the  electricity  of  an  excited  body,  is  either  aug- 
mented or  diminished  the  variations  on  every  part 
of  the  surface  is  proportional  to  the  quantity  of 
electricity  already  present.  Thus  if  on  one  part  of 
a  surface  the  electricity  be  twice  as  great  as  upon 
another  part,  if  we  double  the  charge  or  reduce  the 
charge  to  one  half,  the  first  part  of  the  surface  will 
receive  twice  as  much,  or  part  with  twice  as  much 
as  the  other  part. 

Coulomb  showed  also,  that  the  quantity  of  elec- 
tricity with  which  the  gilt  paper  disc  becomes 
charged,  is  sensibly  the  same  with  that  of  the  body 
which  it  is  made  to  touch,  and  that  when  two  bodies 
are  brought  into  contact,  the  electricity  contained 

*  The  best  account  of  these  experiments  which  I  have  seen,  is 
given  by  Biot  in  his  Traite  de  Physique,  ii.  263.  Biot  seems  to 
have  derived  his  information  from  Coulomb's  manuscripts.  For 
I  am  not  aware  that  they  were  ever  published  by  their  author, 
owing  doubtless  to  the  state  of  France  at  the  beginning  of  the 
Revolution. 
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chap.v.  jn  them  is  sensibly  divided  in  proportion  to  the 
surface  of  each.  He  insulated  a  globe  of  8  inches 
diameter,  and  charged  it  with  positive  electricity, 
as  he  did  also  the  movable  ball  of  the  balance. 
He  then  touched  this  globe  with  another  whose 
diameter  was  only  1  inch ;  and  applied  this  little 
globe  to  his  balance.  A  torsion  of  144°  was  ne- 
cessary to  balance  the  repulsive  force  at  a  fixed 
distance.  He  next  touched  the  surface  of  the 
large  globe  in  a  tangent  direction  with  a  circular 
plane,  isolated,  and  having  a  diameter  of  16  inches. 
Having  removed  this  plane,  he  repeated  the  experi- 
ment with  the  small  globe.  A  torsion  of  4-7°  was 
now  sufficient  to  balance  the  repulsive  force. 

To  understand  the  consequences  to  be  drawn 
from  this  experiment,  we  must  recollect  that  the 
surface  of  the  great  globe  was  equal  to  that  of  4 
great  circles,  each  8  inches  in  diameter :  each  face 
of  the  circular  plane  of  16  inches  diameter,  was 
equal  to  4  circles  of  8  inches  in  diameter,  and  as  the 
plane  has  two  faces,  its  surface  was  exactly  double 
that  of  the  sphere.  The  electricity  in  the  great 
globe  before  it  was  touched  by  the  plane  may  be 
represented  by  144,  and  after  it  was  touched  by  it 
by  47.  Hence  the  electricity  carried  off  by  the 
plane,  was  obviously  144 — 47=97.  So  that  the 
plane  carried  off  97,  while  the  globe  retained  47. 
But  97  is  very  nearly  double  47.  Thus  we  see 
that  the  electricity  was  divided  between  these  two 
bodies  in  proportion  to  their  surfaces. 

In  determining  the  quantity  of  electricity  on 
-arts  of  the  surface  of  a  body,  we  must 
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take  care  that  the  gum  lac  to  which  the  gilt  paper  chap,  v. 
disc  is  attached,  be  not  a  conductor.  Because  in 
that  case,  electricity  would  accumulate  in  it,  and 
vitiate  all  the  results.  In  general  the  lac,  which 
has  the  darkest  colour  is  the  best  for  the  purpose. 
But  the  threads  ought  to  be  examined  by  bringing 
them  near  a  charged  conductor,  and  then  presenting 
them  to  an  electrometer.  All  those  which  exhibit 
any  symptoms  of  electricity,  ought  to  be  rejected. 

Coulomb  determined   the  distribution    of  elec-  Distribu- 

tion  on  a 

tricity  upon  a  steel  plate,   11  inches  long,  1  inch steel  Plate- 
broad,  and  half  a  line  thick.     It  was  insulated  and 
charged  with  electricity.     To  be  able  to  touch  it 
over  all  its  breadth,  the  gilt  paper  disc  was  made 
an  inch  long,  and  three  lines   broad.      He   first 

-, applied  the  disc  to  the 

c — ; *!  centre  of  the  plate,  at  C, 

then  at  1  inch  from  its  extremity,  and  he  obtained 
the  following  results. 


Torsions 
observed 

Mean  torsions 
in  the  middle. 

Ditto  1  inch 
from  end. 

Ratio. 

Touched  in  the  middle, 
At  1  inch  from  end, 
In  the  middle. 
At  1  inch  from  end, 
In  the  middle, 

370° 
440 
350 
395 
320 

360° 
350 
335 

440° 
417-5 
395 
Mean 

1-22 
1-20 
1-18 

1-10 

That  is  to  say,  if  the  electricity  at  the  centre  of  the 
plate  be  represented  by  1,  that  at  an  inch  from  the 
end  will  be  represented  by  1  *2.  So  that  they  are 
nearly  equal. 

The  experiment  was  repeated  with  this  difference, 
that  the  gilt  paper  disc  was  applied  to  the  very 
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chap.  v.  end  of  the  plate,  but  still  entirely  on  the  surface  of 
The  results  were  as  follows. 


it. 


Torsions 
observed 

Mean  torsions 
in  the  middle. 

Ditto  at  the 
end. 

Ratio. 

Touched  at  the  end. 
In  the  middle, 
At  the  end, 
In  the  middle, 
At  the  end, 

400° 
195 
390 
185 
350 

195° 
190 
185 

395° 
390 
370 

Mean 

2-02 
2-05 
2-00 

2-02 

That  is  to  say,  if  the  quantity  of  electricity  in  the 
middle  of  the  plate  be  1,  that  at  the  extremity  will 
be  2*02  or  very  nearly  double. 

The  experiment  was  repeated  a  third  time,  but 
the  disc  instead  of  being  applied  at  the  extremity  of 
the  plate,  was  applied  to  the  edge  D,  so  as  to  be 
equally  in  contact  with  both  faces.  The  result  was 
as  follows. 


Torsions 
observed. 

Mean  torsions 
in  middle. 

Mean  torsions 
on  the  edge. 

Ratio. 

Touched  in  the  middle, 
On  the  edge, 
In  the  middle, 
On  the  edge, 

305 
1175 
285 
1137 

295° 

285 

1175° 
1156 

Mean 

3-98 
4-05 

4-01 

That  is  to  say,  if  the  electricity  in  the  middle  be  1, 
that  at  the  edge  is  4*01,  or  four  times  as  great.  So 
that  it  contains  the  accumulated  electricity  of  the 
extremities  of  each  side  of  the  plate. 

These  experiments  were  repeated  with  a  plate  of 
steel,  twice  as  long  as  the  preceding,  but  agreeing 
with  it  in  all  its  other  dimensions.  The  result  was 
exactly  the  same. 

It  is  obvious  from  these  experiments,  that  when 
the  gilt  paper  disc  is  applied  to  one  of  the  sides  of 
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the  steel  plate,  it  only  imbibes  the  electricity  of  chap.  v. 
that  side,  and  not  of  the  other.  We  see  too  that 
the  electricity  is  almost  uniformly  diffused  upon  the 
surface  of  the  plate.  Since  the  increase  does  not 
become  sensible  till  we  approach  within  an  inch  of 
the  end ;  and  that  the  length  or  shortness  of  the 
plate  has  no  effect  upon  this  distribution. 

The  rapid  augmentation  of  electricity  towards 
the  extremities  of  plates,  is  not  peculiar  to  them,  cylinder. 
It  takes  place  equally  in  all  long  prismatic  or 
cylindrical  bodies.  And  the  smaller  the  diameter 
of  these  bodies  is  in  proportion  to  their  length,  the 
more  rapid  is  their  augmentation.  Coulomb  insu- 
lated a  cylinder  of  2  inches  in  diameter,  and  30 
inches  in  length,  terminated  by  two  hemispheres. 
By  experiments  similar  to  those  just  stated,  he  found 
the  ratios  of  electricity  on  different  parts  of  this 
cylinder  as  follows. 

At  the  centre  .  .  1 

At  2  inches  from  end  .  1'25 

At  1  inch  from  end  .  1-80 

At  the  centre  of  the  end  2-30 

When  the  cylinder  becomes  smaller  as  we  approach 
the  extremity  the  increase  of  electricity  becomes 
still  more  rapid.  And  when  the  extremity  becomes 
elongated  like  the  point  of  a  cone,  the  accumula- 
tion at  that  extremity  becomes  so  great,  that  the 
resistance  of  the  air  is  not  sufficient  to  retain  it, 
and  it  escapes  producing  sparks  of  light  which  are 
visible  in  the  dark. 

In  these  bodies  the  uniform  distribution  of  elec- 
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chap.  v.  tricity  extends  to  within  a  very  small  distance  of 
the  extremity.  It  is  clear  that  such  bodies  ought 
to  lose  their  charge  of  electricity  with  great  rapidity, 
as  is  known  from  experiment  to  be  the  case. 

Coulomb  made  analogous  experiments  on  circular 
cuiar  plates,  plates.     The  following  table  shows  the  result  of  one 
of  these  trials. 

Distance  from  the  edge.  Electricity  observed. 

5  inches  (centre  of  plate)    .  1 

4  .....  1-001 

3  .         .         .  1-005 

2  .         .         .         .         .  1-17 

1  .....  1.52 

0-5  .         .-                 .         .  2.07 

0  .         .         .         .         .  2-90 

If  we  represent  the  distances  from  the  edge  by  x, 
and  the  electrical  intensities  by  y,  Biot  has  shown 
that  the  relations  of  these  to  each  other  may  be 
represented  by  the  following  empirical  formula. 


y 

r  being  the  radius  of  the  plate,  and  A  and  p  two 
constants  to  be  determined  from  observation.  We 
obtain  A  by  making  oc  =  o,  and  substituting  for  y, 
the  value  found,  as  in  the  table.  We  have 

2-9=  1  +  A(l  -V) 

If  we  take  1  inch  for  the  unity  of  length,  2  r  will 
be  equal  to  10.     Now  as  i*  is  very  nearly  0*3,  its 
tenth  power  is  so  small  a  quantity  that  it  may  be 
neglected.     We  have  2-9  =  1  +  A,  and  A  =  1-Q. 
To  determine  ^  let  us  make  x  =  1,  and  substitute 
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for  y  its  value  1*52.     In  this  case  ^r-x  =  ^y  a  quan-   ChaP-  v- 
tity  too  small  to  be  sensible.     We  have,  therefore, 

1-52  =  1  +  1-9  /"  or 


But  the  calculation  agrees  better  with  experiment, 
if  we  make  ^  =  0*3. 

This  subject  attracted  the,  attention  of  M.  Poisson,  why  eiec- 
who  applied  to  it  all  the  resources  of  the  most  dis 
refined  calculus,  and  determined  the  thickness  of 
the  coating  of  electricity  upon  bodies  of  different 
forms  from  the  hypothesis  that  positive  and  nega- 
tive electricity  are  two  fluids,  the  particles  of  each 
of  which  repel  each  other  with  forces  varying 
inversely  as  the  square  of  the  distance  ;  while  the 
vitreous  electricity  attracts  the  resinous  with  forces 
varying  according  to  the  same  law.*  He  showed 
that  the  exterior  surface  of  the  electrical  coating 
coincides  with  that  of  the  body,  and  that  as  the 
coating  is  very  thin,  the  interior  surface  is  but  little 
distant  from  it.  In  a  sphere  both  the  exterior  and 
interior  surfaces  are  spherical,  and  the  centre  of 
these  surfaces  is  the  same  with  that  of  the  centre  off 
the  body. 

In  an  ellipsoid  the  thickness  of  the  coating  at  the 
extremities  of  the  two  axes  is  proportional  tp  the 
relative  lengths  of  the  axes. 

The  electric  coating  acts  by  attraction  and  repul- 
sion on  the  particles  of  electricity,  situated  beyond 

*  See  Mem.  de  1'Institut,  1811. 
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ChaP-  v-  the  surface  of  the  body,  or  on  the  surface  of  the 
body  itself.  It  attracts  them  if  of  a  different  nature, 
and  repels  them  if  of  the  same  nature.  This  repul- 
.  sion  is  exercised  against  the  particles  of  the  air, 
which  repels  the  electricity  in  its  turn,  and  keeps 
it  in  its  place.  The  repulsion  exercised  by  the 
electrical  coating  is  as  the  square  of  its  thickness. 
It  is  therefore  variable  at  different  points  of  the 
body,  unless  that  body  be  spherical.  And  as  it 
increases  as  the  square  of  the  thickness,  and  as  this 
thickness  is  proportional  to  the  excess  of  the 
diameter  of  the  body  in  one  direction  above  that  in 
another,  it  may  easily  overcome  the  pressure  of  the 
atmosphere,  and  thus  enable  the  electricity  to  make 
its  escape.  Hence  the  reason  of  the  effect  of  points 
in  discharging  bodies  charged  with  electricity.  M. 
Poisson  has  shown  that  the  repulsive  force  of  the 
electricity  at  the  summit  of  a  cone,  if  it  could  accu- 
mulate on  it,  would  be  infinite. 

Mutual  ac-      When  several  excited  bodies  are  placed  in  the 

tion  of  ex-  * 

cjte^i  bodies  neighbourhood  of  each  other  they  produce  certain 
other.  effects  upon  the  state  of  the  electricity  in  each. 
These  effects  have  been  also  subjected  to  calculation 
by  M.  Poisson.  His  analytical  investigations  were 
founded  upon  the  following  general  principle  which 
he  first  announced. 

"  When  several  excited  bodies  are  brought  into 
the  neighbourhood  of  each  other,  and  arrive  at  a 
permanent  electrical  state,  it  is  necessary  that  the 
resultants  of  the  actions  of  the  electrical  coatings 
which  cover  them  upon  any  point  in  the  interior  of 
any  one  of  these  bodies,  should  be  nothing.  For 
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if  this  was  not  the  case  the  combined  electricity  in  chap.  v. 
the  point  under  consideration  would  be  decomposed, 
and  the  electrical  state  would  change,  contrary  to 
the  hypothesis  of  its  permanence." 

This  principle  furnishes  at  once  as  many  equa- 
tions as  there  are  bodies  under  consideration,  and 
as  the  problem  presents  of  unknown  quantities.  But 
the  solution  of  these  equations  frequently  surpasses 
the  present  state  of  analytical  investigation.  But 
M.  Poisson  has  succeeded  in  overcoming  all  the 
analytical  difficulties  in  the  case  of  two  spheres, 
placed  in  contact,  or  in  the  neighbourhood  of  each 
other,  and  charged  each  with  any  quantity  of 
electricity. 

When  the  two  spheres  are  equal,  and  in  contact, 
and  charged  with  electricity,  whether  positive  or 
negative,  calculation  shows  that  there  is  no  free 
electricity  at  the  point  of  contact  of  the  two  spheres. 
From  that  point  the  coating  of  electricity  augments 
in  thickness  as  its  distance  increases  from  the  point 
of  contact,  and  it  always  attains  its  maximum  at 
180°  of  distance,  or  at  the  other  end  of  the  diameter 
that  passes  through  the  point  of  contact  of  the  two 
spheres.  The  rate  at  which  the  thickness  of  the 
coating  increases  depends  upon  the  relative  lengths 
of  the  diameters  of  the  two  spheres. 

Experiments  on  this  subject  were  made  by 
Coulomb  in  the  way  already  described  in  the  for- 
mer part  of  this  chapter.  These  experiments  were 
compared  by  Poisson  with  the  results  of  his  calcu- 
lations, and  found  to  accord  with  them  very  closely. 
The  following  table  shows  the  relative  thickness  of 

i.  2  E 
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chap.  v.  the  coating  of  electricity  upon  two  equal  globes  at 
~  different  distances  from  the  point  of  contact  as 
determined  experimentally  by  Coulomb,   and  by 
calculation  by  Poisson. 


Distribu- 
tion of  elec- 
tricity on 
two  equal 
globes. 


On  two 
unequal 
globes. 


Thickness  of  coating  of  electricity  as 
determined  by 

Coulomb.                   Poisson. 

Point  of  contact 

0 

0 

20° 

Insensible 

Insensible 

30 

0-2083 

0-1707 

60 

0-7994 

0-7452 

90 

1-0000 

1-0000 

180 

1-0576 

1-1400 

The  following  table  exhibits  the  results  of  expe- 
riment and  calculation  with  two  unequal  spheres, 
the  diameters  of  which  were  to  each  other  as  1  to  2. 
The  observations  apply  to  the  smaller  sphere. 


Position  of  the 
points  compared. 

Proportional  thickness  of  coating. 
Coulomb.                   Poisson. 

30° 
60 
90 
180 

Insensible 
0-5882 
1-0000 
1-3333 

Insensible 
0-5563 
1-0000 
1-3535 

We  see  that  in  this  case  the  thickness  of  the  coating 
in  the  smaller  sphere  (though  insensible  to  30°) 
varies  more  than  when  the  two  spheres  are  equal. 
For  at  60°  and  180°  the  thicknesses  are  to  each 
other  as  0-5882  to  1*8333,  or  as  1  to  2i  ;  while  in 
the  other  case  they  are  to  each  other  as  O7994  to 
T0576,  or  as  1  to  1£.  By  a  sort  of  compensation 
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the  greater  of  the  two  spheres  experiences  less  cimp.  v. 
variation  than  in  the  case  of  equality.  For  the 
thickness  of  the  coating  insensible  at  6°  or  7° 
increases  so  rapidly  that  at  30°  it  is  f  ths  of  what  it 
is  at  90°,  and  from  90°  to  180°  the  variation  is 
insensible. 

Coulomb  compared  the  absolute  thickness  of 
the  electrical  coating  on  the  two  globes  at  90° 
from  the  point  of  contact.  In  the  smaller  globe 
he  found  it  1*25,  in  the  larger  1.  Poisson  obtained 
by  calculation  1*238  and  1. 

When  two  globes  of  different  sizes  (one  charged 
with  electricity)  are  brought  in  contact  and  then 
separated,  the  smaller  one  of  the  globes  is,  com- 
pared to  the  other,  the  smaller  is  the  quantity  of 
electricity  which  it  carries  off.  But  this  proportion 
is  very  far  from  being  that  of  the  surfaces.  For 
then  the  coatings  of  electricity  would  be  of  equal 
thickness  in  both,  whereas  it  is  always  thickest  in 
the  smaller  globe,  and  the  thickness  increases  as 
the  size  of  the  globe  diminishes.  But  from  the 
slowness  of  the  increase  in  Coulomb's  experiments, 
there  is  reason  to  believe  that  it  does  not  go  on 
indefinitely. 

When  the  two  unequal  spheres  after  being  sepa-  when  the 

.     i .    glot>es  after 
rated  from  each  other,  are  placed  at  a  certain  dis-  contact  are 

separated. 

tance  from  each  other,  a  very  curious  phenomenon 
is  observable  in  the  smaller  sphere.  To  explain  it 
intelligibly,  let  us  suppose  the  electricity  of  the 
two  spheres  to  be  positive.  We  have  seen  that 
this  electricity  is  null  at  the  point  of  contact.  But 
the  instant  we  separate  the  two  spheres,  the  elec- 
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chap.  v.  tricity  at  the  point  of  contact  of  the  smaller  sphere 

becomes  negative.     This  state  diminishes  in  pro- 

portion as  the  smaller  globe  is  carried  to  a  greater 

distance  from  the  large  globe,  and  at  a  certain  dis- 

tance depending  on  the  ratio  between  the  diameters 

of  the  two  globes,  it  totally  disappears.     Then  the 

point  of  contact  of  the  smaller  globe  becomes  in 

the  same  state  as  when  actually  in  contact.     From 

this  position,  if  we  increase  the  distance,  the  elec- 

tricity remains  of  the  same  nature  over  the  whole 

extent  of  the  globe,  and  of  the  same  kind  as  during 

the  contact.     In  the  larger  globe,  the  electricity 

continues  always  the  same  as  during  the  contact. 

In  an  experiment  made  by  Coulomb,  the  diameter 

of  the  larger  globe  was  11  inches,  and  that  of  the 

smaller  eight  inches.     While  the  distance  between 

them  was  less  than  1  inch,  'the  point  of  contact  of 

the  smaller  globe  gave  signs  of  an  electricity  oppo- 

site to  that  of  the  large  globe.     When  the  distance 

became  1  inch,  the  electricity  of  the  point  of  con- 

tact of  the  smaller  globe  became  null,  as  when  in 

contact,  and  at  all  greater  distances,  it  remained  of 

the  same  nature  as  that  of  the  other  sphere.     When 

the  diameter  of  the  smaller  globe  was  only  4  inches, 

(that  of  the  greater  remaining  the  same)  the  oppo- 

site electricities  were  sensible  to  the  distance  of 

two  inches.     When  the  diameter  of  the  smaller 

globe  was  only  2  inches  or  less,  the  opposite  elec- 

tricities continued  to  the  distance  of  2  inches  5 

lines,  but  not  farther. 

On  the  contrary  when  the  difference  between  the 
size  of  the  two  globes  diminishes,  the  distance  at 
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which  the  two  electricities  manifest  themselves  also  chap.  v. 
diminishes,   and   it   becomes    null  when  the    two 
globes  become  equal. 

These  experiments  succeed  only  when  the  air  is 
very  dry.  If  it  be  moist,  the  electricity  of  the 
larger  globe  escaping  neutralizes  that  in  the  smaller 
globe,  and  renders  the  phenomena  indistinct  or 
quite  insensible. 

When  two  excited  spheres  are  made  gradually  Effect  when 

/   two  excited 

to  approach  without  having  ever  been  in  contact, 
the  thickness  of  the  electrical  coat  at  the  points  of 
the  two  globes  immediately  opposite  to  each  other, 
becomes  greater  and  greater,  and  increases  indefi- 
nitely as  the  distance  between  them  diminishes. 
The  pressure  on  the  atmosphere  increasing  as  the 
square  of  this  thickness,  must  at  last  overcome  the 
resistance  of  the  air,  and  the  fluid  passing  from  the 
one  globe  to  the  other,  occasions  a  spark  which 
appears  before  the  two  globes  come  into  contact. 
The  electricity  is  different,  though  of  equal  thick- 
ness in  each  globe.  If  the  one  is  excited  with  posi- 
tive, and  the  other  with  negative  electricity,  it  is 
positive  in  the  former  and  negative  in  the  latter. 
When  both  contain  the  same  electricity,  (positive 
for  example)  there  takes  place  a  decomposition  of 
the  combined  electricity  in  the  globe  which  con- 
tains less  of  the  positive  electricity  than  it  would 
have  done  in  case  of  contact.  The  negative  elec- 
tricity resulting  from  this  decomposition  accumu- 
lates at  the  point  opposite  the  other  globe,  while 
this  latter  globe  remains  positive  throughout  its 
whole  extent. 
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Chap.  v.  M.  Poisson  has  also  subjected  to  calculation  the 
state  of  the  most  remote  points  of  two  excited 
globes,  when  placed  at  a  certain  distance  from  each 
other.  As  the  two  globes  approach,  the  thickness 
of  the  coating  of  electricity  in  these  points,  ap- 
proaches more  and  more  to  what  it  would  be  at 
the  instant  of  contact.  But  as  it  arrives  at  this 
limit  very  slowly,  the  consequence  is,  that  at  very 
small  distances  the  state  of  these  points  differs  con- 
siderably from  what  it  would  be,  if  actual  contact 
or  the  emission  of  a  spark  were  to  take  place. 


CHAPTER  VI. 

THEORY  OF  THE  MOTIONS  PRODUCED  BY  ELECTRICAL 
ATTRACTIONS  AND  REPULSIONS. 


THE  first  theory  of  electricity  which  connected  the  chap.  vi. 
phenomena  in  a  satisfactory  manner  and  enabled 
electricians  to  foretell  the  results,  was  that  of  Dr.  Franklin 
Franklin.     According  to  him,  electricity  is  pro-  online 
duced  by  a  Jluid,  the  particles  of  which  repel  each  lit 
other  with  a  force  inversely  as  the  square  of  the 
distance ;  while  they  are  attracted  by  matter  with 
an  equal,  and  equally  varying  force.     ^Epinus  was 
the  first  who  applied  mathematical  calculation  to 
the  development   of  this  theory,   and  he  showed 
that  it  was  incapable  of  accounting  for  the  electri- 
cal attractions  and  repulsions,  unless  we  admit  also 
that  matter  repels  matter,  with  a  force  varying  in- 
versely as  the  square  of  the  distance.     These  three 
data  being  admitted,  namely, 

/  repels  /,  with  a  force  varying  as     ^  Dataof 

~  1  /E pin  us. 

/  attracts  m,  ^ 

m  repels  m,  ^»* 

all  the  phenomena  of  electricity,  admit  of  a  precise 
and  satisfactory  explanation. 

*  Here  f  signifies  the  electric  fluid,  m  signifies  matter. 
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chap.  vi.  But  the  third  of  these  data,  namely,  that  matter 
Not  admis-  repels  matter,  is  not  only  unsupported  by  observa- 
sible*  tion,  but  quite  inconsistent  with  it.  For  in  the 
motions  of  the  heavenly  bodies  no  such  repulsions 
have  ever  been  observed,  though  if  they  had  existed, 
they  could  not  have  escaped  notice  during  the 
rigid  mathematical  investigations  to  which  these 
motions  have  been  subjected.  1  do  not  see  there- 
fore how  it  can  be  admitted.  And  yet  without  it, 
the  Franklinian  hypothesis  is  quite  incapable  of  ex- 
plaining the  phenomena  of  electricity. 

The  second  datum,  that  the  electric  fluid  is  at- 
tracted by  matter  with  a  force  inversely  as  the 
square  of  the  distance,  is  also  inconsistent  with  the 
electrical  phenomena.  For  the  quantity  of  electri- 
city accumulated  in  bodies  is  always  proportional 
to  the  extent  of  their  surface,  and  not  to  the 
quantity  of  matter  in  them,  as  would  be  the  case 
if  any  attraction  or  affinity  existed  between  them. 
All  substances,  whatever  their  nature  may  be,  are 
capable  of  receiving  the  same  quantity  of  electri- 
city, provided  the  extent  of  their  surfaces  be  equal. 
And,  finally,  it  has  been  shown  that  electricity  accu- 
mulates only  on  the  surfaces  of  bodies,  and  that 
nothing  but  the  pressure  of  the  ambient  atmosphere 
prevents  it  from  making  its  escape. 

It  is  indeed  true,  that  there  are  certain  bodies, 
called  non-conductors  or  electrics,  through  which 
electricity  is  incapable  of  passing,  or  of  passing 
only  with  more  or  less  difficulty.  What  the  force 
is  which  attaches  it  to  these  bodies,  and  prevents  it 
from  leaving  them  or  passing  through  them,  we  do 
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not  know.  But  that  it  is  not  an  affinity  or  attrac-  Ch«p-  VL 
tion  to  the  atoms  of  these  bodies  is  evident  from; 
this,  that  it  accumulates  only  on  their  surface,  and 
that  the  quantity  of  electricity  does  not  depend 
upon  the  quantity  of  matter,  or  the  kind  of  matter, 
but  entirely  upon  the  quantity  of  surface. 

But  if  matter  does  not  repel  matter,  and  if  there  TWO  fluids 

,  .  •  M»    •*        i  must  be  ad- 

does  not  exist  any  attraction  or  affinity  between 
electricity  and  matter,  then  the  Franklinian  theory 
of  negative  and  positive  electricity  cannot  be  cor- 
rect. The  original  theory  of  Du  Fay,  modified  a 
little  chiefly  in  consequence  of  the  facts  ascertained 
by  Coulomb,  involves  no  assumptions  inconsistent 
with  the  phenomena  of  nature,  and  has  been  em- 
ployed by  Poisson  so  happily,  and  has  been  found 
to  apply  so  accurately  to  all  the  different  cases, 
that  the  probability  of  its  accordance  with  truth  is 
very  great.  At  any  rate  it  enables  us  to  reduce 
all  the  electrical  facts  into  a  simple  and  luminous 
system,  and  to  foretell  the  result  of  any  combination 
of  electrical  actions.  Even,  therefore,  if  we  sup- 
pose it  a  mere  mathematical  hypothesis,  its  import- 
ance and  utility  to  all  who  wish  to  understand  the 
principles  of  this  most  important  science,  must  be 
admitted  to  be  very  great. 

According  to  this  theory  there  exist  two  distinct 
electrical  fluids,  namely,  the  vitreous  and  the  resin- 
ous, or  positive  and  negative.*  The  particles  of  posi- 

*  For  the  reasons  already  specified  in  pp.  347,  348, 1  employ  the 
terms  positive  and  negative,  in  preference  to  vitreous  and  resinous. 
But  I  would  be  understood  to  use  them  merely  as  the  name  of 
each  fluid,  and  not  in  the  sense  of  Franklin. 
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Chap.  vi.  tive  electricity  repel  each  other  with  a  force  varying 
Theory  of  inversely  as  the  square  of  the  distance.  This  is  the 
two  fluids.  cage  ajgo  W^j1  ^  prides  of  negative  electricity. 

The  particles  of  positive  electricity  attract  those  of 
negative  electricity,  with  a  force  varying  inversely  as 
the  square  of  the  distance.  In  consequence  of  this 
attraction,  the  two  electricities  are  capable  of  uniting, 
and  when  thus  combined,  the  bodies  in  which  they 
exist  exhibit  no  symptoms  of  electricity.  It  is  only 
when  decomposed  that  the  phenomena  of  electricity 
become  evident,  and  they  are  produced  by  the  mu- 
tual attractions  and  repulsions  of  the  two  fluids. 
Friction  has  the  property  of  decomposing  the  com- 
bined electrical  fluid,  the  positive  electricity  accumu- 
lating in  one  of  the  bodies  rubbed  while  the  negative 
electricity  accumulates  in  the  other.  Hence  the 
reason  why  when  two  bodies  are  rubbed  against 
each  other  and  separated,  they  are  always  in  two 
opposite  states  of  electricity.  If  the  bodies  rubbed 
against  each  other  be  non-conductors,  this  differ- 
ence of  state  remains,  in  consequence  of  the  difficulty 
which  the  fluids  experience  in  moving  through 
them ;  but  if  they  be  conductors,  the  two  fluids 
again  combine  the  instant  the  friction  is  at  an  end ; 
so  that  unless  they  are  insulated  and  instantly 
separated  from  each  other,  as  soon  as  we  cease 
rubbing  them,  the  difference  of  their  states  cannot 
be  perceived. 

Finally,  no  attraction  or  affinity  exists  between 
the  electric  fluids  and  matter. 

Such  is  a  short  outline  of  the  theory  of  electricity, 
which,  chiefly  in  consequence  of  the  galvanic  dis- 
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coveries,  is  gradually  superseding  the  Franklinian  ChaP-  VL 
hypothesis,  and  will  probably  very  speedily  be  uni- 
versally adopted  by  electricians.     But  if  there  be 
no   affinity  or   attraction   between  electricity  and 
matter,  it  may  -appear,  at  first   sight,  difficult  to 


account  for  the  fact  that  when  bodies  are  excited,  why 

l  .  ,  n  ed  bodies 

that  is,  contain  a  superabundance  of  electricity,  ^act  and 
they  attract  or  repel  each  other  with  forces  varying 
inversely  as  the  square  of  the  distance  ;  bodies 
having  the  same  kind  of  electricity  repelling,  and 
those  having  different  kinds  attracting  each  other. 
But  this  apparent  difficulty  admits  of  a  very  simple 
explanation. 

If  we  suppose  two  excited  and  insulated  spheres 
placed  at  a  small  distance  from  each  other,  it  is 
obvious  that  the  only  forces  which  can  occasion  the 
motion  of  the  bodies,  are  the  mutual  attraction  or 
repulsion  of  the  fluid  in  the  one,  to  the  fluid  in  the 
other.  For  the  repulsions  exercised  by  the  parti- 
cles of  fluid  in  each  body  on  one  another,  can  have 
no  effect  in  producing  a  motion  in  the  centre  of 
gravity  of  either  body.  If  the  two  spheres  consist 
of  non-conducting  matter,  the  unknown  power 
which  gives  them  the  non-conducting  property,  will 
prevent  the  escape  of  the  electricity  from  each. 
Therefore  the  mutual  attractions  and  repulsions  of 
the  fluids,  as  they  cannot  escape  from  the  matter, 
may  be  supposed  to  carry  the  matter  along  with 
them,  and  thus  to  cause  the  globes  to  approach  or 
recede,  according  as  they  are  charged  with  different 
kinds  of  electricity,  or  with  the  same  kind. 

When  an  excited  conducting  body  is  insulated 
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chap.  vi.  the  superinduced  electricity  forms  a  coating  on  its 
surface,  and  (if  we  suppose  the  body  spherical)  the 
thickness  of  this  coating  will  be  every  where  the 
same.  This  electricity  presses  upon  the  ambient 
air,  which  prevents  it  from  making  its  escape.  The 
excited  sphere,  in  consequence  of  this  action  of  the 
electricity,  which  is  proportional  to  the  square  of 
its  thickness,  will  be  less  pressed  upon  by  the 
surrounding  atmosphere  than  if  it  were  not  excited. 
But  as  the  pressure,  though  diminished,  is  every 
where  equal,  there  will  be  no  tendency  in  the  sphere 
to  move  from  its  place.  Let  us  suppose  the  con- 
ducting sphere  to  be  charged  with  positive  electri- 
city, and  let  us  conceive  a  mass  of  sealing  wax  or 
gum  lac,  charged  negatively,  to  approach  it.  A 
portion  of  the  combined  electricity,  natural  to  the 
sphere,  will  be  decomposed.  The  positive  portion  will 
accumulate  on  the  surface  of  the  sphere  next  the 
mass  of  sealing  wax,  being  attracted  by  its  negative 
electricity.  The  superabundant  positive  electricity 
already  in  the  sphere  will  accumulate  at  the  same 
surface  for  the  same  reason.  While  the  decom- 
posed negative  electricity  will  accumulate  at  the 
opposite  surface  of  the  sphere,  being  repelled  by 
the  negative  electricity  of  the  sealing  wax.  Thus 
the  coating  of  electricity  next  the  sealing  wax  will 
become  thicker  than  before,  while  the  coating  at 
the  greatest  distance  will  become  thinner.  Hence 
the  electricity  in  the  part  of  the  sphere  next  the  seal- 
ing wax  will  press  more  upon  the  air  than  before, 
while  the  air  will  press  more  than  before  upon  that 
surface  of  the  sphere  which  is  farthest  from  the  seal- 
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ing  wax.     Both  of  these  pressures  have  a  tendency  chap,  vi. 
to  cause  the    sphere  to  move  towards  the  sealing 
wax,  and  if  the  weight  of  the  sphere  be  sufficiently 
small  it  will  move  accordingly. 

If  the  sphere,  for  example,  were  a 
small  globule  of  elder  pith,  suspended 
by  a  silk  thread,  and  previously  hang- 
ing    perpendicularly.      Let    C    be    a 
small  excited  sphericle  of  pith  of  elder 
suspended  by  the  silk  thread  S  C,  and 
let  the  excited  stick  of  sealing  wax 
A,   be   made  to  approach  it.     C  will 
deviate  from  the  perpendicular,   and  assume  the 
position  of  S  C'.  But  it  is  obvious  that  this  deviation 
from  the  perpendicular  will  have  a  limit.     When 
the  pith  ball  hung  in  the  position  S  C  the  whole  of 
Us  weight  was  supported  by  the  thread  S  C  ;  but  in 
the  position  S  C'  this  is  no  longer  the  case.     If  we 
represent  the  weight  by  the  line  C'  p,  it  is  evident 
that  we  may  resolve  it  into  the  two  forces  C'  q,  and 
C  b.     C'  q  being  in  the  direction  of  the  thread  is 
destroyed  by  its  resistance.     The  other  C'  b  being 
perpendicular  to  that  direction,  has  a  tendency  to 
bring  C'  back  to  C,  and  is  only  prevented  by  the 
action  of  the  sealing  wax.     If  we  call  the  angle 
C  S  C'  a,  this  second  force  will  amount  to  p.  sin.  a 
p  being  the  weight  of  the  pith  ball  C.    Thus  it  will 
increase  with  the  angle  0,  and  must  soon  become 
strong  enough  to  counteract  the  tendency  of  C  to 
move  towards  the  sealing  wax. 

These  examples  might  be  easily  carried  much 
farther.     But  enough  has  been  said  to  enable  the 
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chap.  vi.  reader  to  conceive  how  conducting  bodies  impreg- 
nated with  different  kinds  of  electricity  approach 
each  other.  It  is  owing,  partly  at  least,  to  the 
unequal  pressure  of  the  air  on  the  body,  and  of  the 
electricity  on  the  air.  Accordingly  these  attractions 
and  repulsions  are  not  so  powerful,  nor  can  a  con- 
ducting body  be  excited  to  such  a  degree,  if  air  be 
excluded,  as  by  putting  it  into  the  exhausted 
receiver  of  an  air  pump,  or  into  a  torricellian 
vacuum.  But  that  metallic  knobs  attached  to  very 
fine  wires  repel  each  other  when  charged  in  a  torri- 
cellian vacuum  has  been  shown  by  Sir  H.  Davy.* 
It  is  obvious  from  this  that  attractions  and  repul- 
sions of  excited  bodies  may  be  exerted,  though  not 
to  so  great  a  degree,  even  when  air  is  entirely 
excluded.  When  the  two  bodies  are  charged  with 
the  same  kind  of  electricity,  the  repulsions  which 
take  place  are  occasioned  by  the  same  pressures. 
Suppose  both  bodies  charged  with  positive  electri- 
city, the  positive  electricity  in  the  pith  ball  will 
accumulate  on  the  surface  farthest  distant  from  the 
other  body,  while  the  portion  nearest  will  become 
negatively  electrified.  Hence  the  coating  of  elec- 
tricity farthest  off  will  be  thickest.  It  will  there- 
fore press  most  upon  the  ambient  air,  while  the  air 
will  press  most  upon  the  surface  of  the  pith  ball 
nearest  the  positively  electrified  body.  The  conse- 
quence of  these  two  pressures  will  be  a  tendency 
on  the  part  of  the  pith  ball  to  recede.  It  will 
accordingly  do  so  till  the  force  C'  b  become  strong 

*  Phil.  Trans.  1822,  p.  69. 
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enough  to  counteract  these  two  pressures.  When  chnp.  vi. 
the  repulsions  take  place  in  the  torricellian  vacuum 
we  must  ascribe  them  to  the  action  of  the  electri- 
city of  the  same  kind  existing  in  each  body.  The 
unknown  cause  which  attaches  the  electricity  to  the 
surface  of  the  body  must  prevent  it  from  leaving 
the  body. 

Thus  all  the  electrical  attractions  and  repulsions 
may  be  explained  in  a  satisfactory  manner  without 
having  recourse  to  either  of  the  suppositions,  with- 
out which  -^Epinus  found  that  the  Franklinian 
hypothesis  could  not  be  reconciled  to  the  pheno- 
mena; namely,  that  there  exists  an  attraction 
between  electricity  and  matter,  and  that  matter 
repels  matter  with  a  force  varying  inversely  as  the 
square  of  the  distance. 


CHAPTER  VII. 

OF  THE  ELECTRICITY  OF  THE  ATMOSPHEEE. 


chap.  vii.  AFTER  discovering  the  Leyden  phial,  and  witness- 
ing the  effects  of  electrical  batteries,  electricians 
could  not  avoid  perceiving  the  analogy  which 

Lightning  existed  between  lightning  and   electricity.     This 

and  electri-  1-1  -     ,      j  ,     u   ' 

city  the  analogy  was  accordingly  pointed  out  by  various 
individuals,  especially  by  the  Abbe  Nollet.  But  it 
was  Dr.  Franklin,  who,  having  discovered  the  power 
of  pointed  bodies  to  discharge  electricity  at  a 
distance,  first  thought  of  employing  that  method  to 
render  atmospherical  electricity  sensible.  Not 
having  in  America  the  requisite  means  for  such  an 
experiment,  he  requested  the  electricians  in  Europe 
to  turn  their  attention  to  it.  The  first  person  who 
attended  to  his  suggestion  was  M.  D'Abilard,  who 
constructed  an  apparatus  for  the  purpose  at  Marly 
la  Ville,  about  6  leagues  from  Paris.  It  consisted 
of  an  iron  rod  40  feet  long,  the  lower  extremity  of 
which  was  brought  into  a  centry  box  where  rain 
could  not  enter ;  while  on  the  outside  it  was 
fastened  to  three  wooden  posts  by  silken  strings 

verified  by  defended  from  the  rain.  M.  D'Abilard  was  obliged 

D'Abilard. 

to  leave  home,  but  in  his  absence  he  intrusted  his 
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machine  to  one  Coisier,  a  joiner,  who  had  served  cimp.  vii. 
14  years  among  the  dragoons,  and  on  whose 
courage  and  understanding  he  could  depend.  This 
artisan  had  all  the  requisite  instructions  given  him, 
and  he  was  desired  to  call  some  of  his  neighbours, 
particularly  the  curate  of  the  parish,  whenever 
there  should  be  any  appearance  of  a  thunder  storm. 
On  Wednesday  the  10th  of  May,  1752,  between  2 
and  3  in  the  afternoon,  Coisier  heard  a  pretty  loud 
clap  of  thunder.  Immediately  he  ran  to  the  ma- 
chine, taking  with  him  a  phial  furnished  with  a 
brass  wire  ;  and  presenting  the  wire  to  the  end  of 
the  rod,  a  small  spark  issued  from  it  with  a  snap, 
like  that  of  a  spark  from  an  electrified  conductor. 
Stronger  sparks  were  afterwards  drawn  in  the  pre- 
sence of  the  curate  and  a  number  of  other  people. 
The  curate's  account  of  them  was  that  they  were 
of  a  blue  colour,  an  inch  and  a  half  in  length,  and 
smelled  strongly  of  sulphur.  In  taking  them 
Coisier  received  a  stroke  on  his  arm,  a  little  below 
the  elbow. 

Eight  days  after  this,  M.  Delor  witnessed  the 
same  appearances  at  his  house  situated  in  one  of 
the  highest  spots  in  Paris.  His  apparatus  was 
similar  to  that  of  D'Abilard,  excepting  that  his  iron 
rod  was  99  feet  in  length.  There  was  no  thunder 
nor  lightning,  only  a  cloud  passed  over  the  house. 

Dr.  Franklin,  after  having  published  his  views  on  Franklin's 
this  subject,  was  waiting  for  the  erection  of  a  spire  wte. 
in   Philadelphia   to    execute  his   experiment.      It 
occurred  to  him  that  by  means  of  a  common  kite, 
he  could  have  a  readier  and  better  access  to  the 

i.  2  F 
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chap.  vii.  regions  of  thunder,  than  by  any  spire  whatever. 
Preparing  therefore  a  large  silk  handkerchief,  and 
two  cross  sticks  of  sufficient  length  on  which  to 
extend  it,  he  took  the  opportunity  of  the  first 
approaching  thunder  storm,  to  take  a  walk  into 
a  field  in  which  there  was  a  shade  convenient  for 
his  purpose.  But  dreading  the  ridicule  which 
too  commonly  attends  unsuccessful  attempts  in  sci- 
ence, he  communicated  his  intended  experiment  to 
nobodybuthisson,  who  assisted  him  in  raising  the  kite. 

The  kite  being  raised,  a  considerable  time  elapsed 
before  there  was  any  appearance  of  its  being  elec- 
trified. One  very  promising  cloud  had  passed 
over  it  without  effect;  when  at  length,  just  as  he 
was  beginning  to  despair  of  his  contrivance,  the 
rain  having  wetted  the  string  which  was  of  hemp, 
and  rendered  it  a  better  conductor,  he  observed 
some  loose  threads  on  it  to  stand  erect,  and  to  avoid 
one  another,  just  as  if  they  had  been  suspended  on 
a  common  conductor.  Struck  with  this  promising 
appearance,  he  immediately  presented  his  knuckle 
to  the  key  which  was  tied  to  the  end  of  the  string, 
and  the  discovery  was  complete.  He  perceived  a 
very  evident  electric  spark.  Others  succeeded 
even  before  the  string  was  fully  wet,  so  as  to  put 
the  matter  past  all  dispute  ;  and  when  the  rain  had 
wetted  the  string,  he  collected  sparks  very  copiously. 
This  happened  in  June  1752 ;  about  a  month  after 
the  French  electricians  had  verified  the  theory,  but 
before  any  information  on  the  subject  had  reached 
Dr.  Franklin. 

This  experiment  of  Franklin  was  attended  with 
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extreme  danger.  Had  his  cord  been  more  moist-  chap.  vn. 
ened,  or  a  better  conductor  than  it  was,  it  is  prob-  Hazard  of 
able  that  this  celebrated  man  would  have  fallen  a  «*  expert- 
sacrifice  to  his  temerity,  and  we  would  have  been 
deprived  of  all  the  benefits  which  he  afterwards 
conferred  upon  science,  upon  his  own  country,  and 
upon  mankind  in  general.  This  actually  happened 
soon  after  to  Professor  Richmann  of  Petersburg, 
who  was  struck  dead  by  a  flash  of  lightning  on  the 
6th  of  August  1753,  drawn  by  his  apparatus  into 
his  own  room,  as  he  was  attending  to  an  experiment 
which  he  was  making  with  it. 

He  had  provided  himself  with  an  instrument, 
which  he  called  an  electrical  gnomon,  the  use  of 
which  was  to  measure  the  strength  of  electricity. 
It  consisted  of  a  rod  of  metal  terminating  in  a  small 
glass  vessel,  into  which  he  had  (for  what  reason  does 
not  appear,)  put  some  brass  filings.  At  the  end  of 
this  rod  a  thread  was  fastened,  which  hung  down 
by  the  side  of  the  rod  when  it  was  not  electrified, 
but  when  it  was  it  avoided  the  rod,  and  stood  at  a 
distance  from  it,  making  an  angle  at  the  place 
where  it  was  fastened.  To  measure  this  angle  he 
had  the  arch  of  a  quadrant  fastened  to  the  bottom 
of  the  iron  rod. 

He  was  observing  the  effect  of  the  electricity  of 
the  clouds,  at  the  approach  of  a  thunder  storm 
upon  his  gnomon,  and  of  course  standing  with  his 
head  inclined  towards  it,  accompanied  by  M.  Solo- 
kow  (an  engraver,  whom  he  frequently  took  with 
him  to  be  a  joint  observer  of  his  electrical  experi- 
ments, in  order  to  represent  them  the  better  in  his 
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chap.vn.  figures),  when  this  gentleman,  who  was  standing 
close  to  his  elbow,  observed  a  globe  of  blue  fire,  as 
he  called  it,  as  big  as  his  fist,  jump  from  the  rod  of 
the  gnomon,  towards  the  head  of  the  Professor, 
which,  at  that  instant,  was  about  a  foot  distant 
from  the  rod.  This  flash  killed  Mr.  Richmann  ; 
but  Mr.  Solokow  could  give  no  account  of  the  par- 
ticular manner  in  which  he  was  immediately 
affected  by  it.  For  at  the  same  time  that  the  Pro- 
fessor was  struck,  there  arose  a  sort  of  steam  or 
vapour,  which  entirely  benumbed  him,  and  made 
him  sink  down  upon  the  ground  ;  so  that  he  could 
not  remember  even  to  have  heard  the  clap  of  thun- 
der, which  was  very  loud. 

The  globe  of  fire  was  attended  with  a  report  as 
loud  as  that  of  a  pistol.  A  wire  which  brought  the 
electricity  to  the  metal  rod  was  broken  to  pieces, 
and  its  fragments  thrown  upon  Mr.  Solokow's 
clothes.  Half  of  the  glass  vessel  in  which  the  rod 
of  the  gnomon  stood,  was  broken  off,  and  the  filings 
of  metal  that  were  in  it,  were  thrown  about  the 
room.  The  door  case  of  the  room  was  half  split 
through,  the  door  torn  off  and  thrown  into  the 
room.  The  shoe  on  the  Professor's  left  foot  was 
burst  open,  and  there  was  a  blue  mark  on  the  foot 
at  that  place.  From  which  it  was  concluded,  that 
the  electricity  had  entered  by  the  head,  where  there 
were  evident  marks  of  injury,  and  made  its  way  out 
again  by  the  left  foot.* 

m™nts°in"        ^'  ^e  ^omas  made  the  experiment  with  the  kite 

*  See  Phil.  Trans.   1754,  vol.  xlviii.  p.  765.     Vol.  xlix.  p.  61. 
Professor  Richmann  was  born  in  Livonia,  on  the  llth  July,  1711, 
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in  a  more  perfect  manner  than  the  first  attempt  of  ChaP-VII« 
Dr.  Franklin.  He  twisted  a  fine  iron  wire  into  the  - 
cord  of  the  kite.*  To  prevent  the  observer  from 
being  exposed  to  danger,  the  lower  extremity  of 
the  string  terminated  in  a  silk  cord  eight  or  ten  feet 
in  length,  by  means  of  which  the  kite  with  its  string 
was  insulated.  Instead  of  drawing  sparks  with  the 
finger,  which  makes  the  observer  himself  receive  the 
charge,  he  received  them  by  means  of  a  metallic 
conductor,  connected  with  the  ground  by  a 
chain,  which  he  held  in  his  hand  by  means  of  an 
insulating  glass  handle,  so  that  it  resembled  our 
common  discharger.  Romas  describes  the  sparks 
given  out  from  the  string  to  this  discharger  during 
a  thunder  storm  in  a  letter  to  the  Abbe  Nollet,  in 
very  glowing  language.  "  Conceive,"  says  he, 
"  plates  of  flame  nine  or  ten  feet  long,  and  an  inch 
thick,  which  made  as  much  noise  as  a  pistol.  In 
less  than  an  hour  I  had  certainly  thirty  plates  of 
this  size,  without  reckoning  a  thousand  others  of 
seven  feet,  and  below  that.  But  what  gave  me  the 

his  father,  William  Richmann,  having  died  of  the  plague  before  the 
birth  of  his  son.  He  was  educated  at  Revel,  Halle,  and  Jena,  and 
devoted  himself  to  mathematics  and  physics.  He  went  to  Peters- 
burg as  tutor  to  the  children  of  Count  Ostermann.  In  1735,  he 
became  an  adjunct  of  the  Academy.  In  1741,  he  was  made  extra- 
ordinary Professor  of  Physics,  and  in  1745,  on  the  death  of  Krafft, 
he  became  ordinary  Professor  of  Physics.  Though  his  papers  are 
valuable,  his  death  has  given  him  a  greater  degree  of  celebrity  than 
he  would  otherwise  probably  have  attained.  See  Novi  Comment. 
Acad.  Petropol.  torn.  iv.  for  1752 — 3,  p.  36. 

*  Mr.  Cuthbertson  employed  a  brass  wire  which  is  better,  and 
M.  Charles  used  a  cord  all  of  metal  threads. 
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chap. vii.  greatest  satisfaction  in  this  new  spectacle,  was,  that 
the  greatest  of  these  plates  were  spontaneous,  and 
that  notwithstanding  the  abundance  of  the  fire 
which  they  contained,  they  fell  always  on  the 
nearest  conductor.  This  constancy  gave  me  so 
much  security,  that  I  was  not  afraid  to  draw  sparks 
by  means  of  my  conductor,  even  when  the  thunder 
storm  was  at  its  height,  although  the  glass  handle 
of  that  instrument  was  only  two  feet  in  length.  I 
conducted  where  I  pleased  without  feeling  in  my 
hand  the  smallest  commotion,  sparks  of  fire  six  or 
seven  feet  long,  with  the  same  facility  as  those  whose 
length  did  not  exceed  seven  or  eight  inches." 

I  refer  those  readers,  who  may  wish  to  employ  an 
electrical  kite  for  similar  purposes  to  the  late  Mr. 
Cuthbertson's  Practical  Electricity,  p.  237,  where 
they  will  find  the  contrivances  which  he  employed  to 
secure  the  observer  against  all  risk  of  danger.  It 
may,  however,  be  proper  to  observe,  that  the  expe- 
rimenter should  never  hold  the  string  of  the  kite  in 
his  hand,  even  though  the  lower  part  of  it  be  of 
silk,  in  case  rain  or  any  accidental  cause  should 
make  it  a  conductor.  The  tremendous  size  of  the 
sparks  described  above  by  Romas,  shows  that  in 
such  a  case  they  might  produce  fatal  effects. 

intensity  of     Indeed,  it  is  easy  to  see  how  intense  the  electri- 

electricity         .  J 

at  the  top  of  city  may  become  at  the  end  of  the  cord,  even  when 
the  thunder  clouds  are  not  very  formidable  in 
appearance.  Poisson  has  demonstrated  that  in  the 
case  of  an  insulated  cylinder  of  small  dimensions  in 
the  neighbourhood  of  a  charged  conductor,  the 
thickness  of  the  coating  of  electricity,  on  the  cylin- 
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der  is  inversely,  as  its  diameter  compared  to  the  chap.vn. 
osculating  sphere  of  the  charged  conductor.  Let 
r  =  diameter  of  the  cord  of  the  kite,  R  =  diameter 
of  the  osculating  sphere  of  the  thunder  cloud,  E  = 
thickness  of  the  coating  of  electricity  of  the  thun- 
der cloud,  e  that  of  the  string,  then  it  has  been  de- 

•p     T> 

monstrated  that  e—m  -  ,  m  being  a  constant  co- 
efficient, which  experiment  has  shown  to  be  very 

nearly-^-.     But  the  thickness  of  the  coating  at  the 

4*o 

extremity  of  the  cylinder,   being  to  that  at  any 
other  part,  as  2*3  to  1,  the  expression  for  it  will  be 
207   9ER 
~48~        r  * 

To  apply  this  expression  to  the  thickness  of  the 
coating  of  electricity  at  the  end  of  the  kite  string, 
let  us  suppose  the  diameter  of  the  string  to  be  one 
line,  while  the  radius  of  the  osculating  circle  of  the 
cloud  is  1,000  feet.  Then  R  -  144,000  lines,  and 
r  =  1.  The  expression  becomes 
144.000  E 


Thus  it  appears  that  the  thickness  of  the  coating 
of  electricity  at  the  extremity  of  the  cord  of  the 
kite,  is  no  less  than  62,100  times  greater  than  upon 
the  charged  cloud.  Now,  as  the  pressure  on  the 
air  is  equal  to  the  square  of  the  thickness,  it  will  be 
almost  400  million  times  greater  at  the  end  of  the 
string,  than  on  the  surface  of  the  cloud.  We  need 
not  be  surprised  then  that  such  terrible  sparks  issue 
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.  vii.  from  the  end  of  the  string,  even  when  the  thunder 
cloud  is  not  very  considerable. 

Thus,  it  has  been  demonstrated  by  the  sagacity 
of  Dr.  Franklin,  that  thunder  and  lightning  is 
merely  a  case  of  electrical  discharges  from  one  por- 
tion of  the  atmosphere  to  another,  or  from  one 
cloud  to  another.  Air,  and  all  gases,  are  non-con- 
ductors ;  but  vapour  and  clouds,  which  are  com- 
posed of  it,  are  conductors.  Clouds  consist  of 
small  hollow  bladders  of  vapour,  charged  each  with 
the  same  kind  of  electricity.  It  is  this  electric 
charge  which  prevents  the  vesicles  from  uniting  to- 
gether, and  falling  down  in  the  form  of  rain.  Even 
the  vesicular  form  which  the  vapour  assumes,  is 
probably  owing  to  the  particles  being  charged  with 
electricity.  The  mutual  repulsion  of  the  electric 
particles  may  be  considered  as  sufficient  (since  they 
are  prevented  from  leaving  the  vesicle  by  the  action 
of  the  surrounding  air,  and  of  the  surrounding 
vesicles,)  to  give  the  vapour  the  vesicular  form. 

^n  wnat  wav  these  clouds  come  to  be  charged 
with  electricity,  it  is  not  easy  to  say.  But  as  elec- 
tricity is  evolved  during  the  act  of  evaporation,* 

*  M.  Pouillet  has  lately  published  a  set  of  experiments,  which 
seem  to  overturn  Volta's  theory  of  the  evolution  of  electricity  hy 
evaporation.  He  has  shown  that  no  electricity  is  evolved  by  eva- 
poration, unless  some  chemical  combination  takes  place  at  the  same 
time.  But  it  follows  from  his  experiments  that  electricity  is 
evolved  abundantly  during  combustion.  The  burning  body  giving 
out  resinous,  and  the  oxygen  vitreous  electricity.  In  like  manner, 
the  carbonic  acid  emitted  by  vegetables  is  charged  with  resinous  elec- 
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the  probability  is,  that  clouds  are  always  charged  chap.vn. 
with  electricity,  and  that  they  owe  their  existence, 
pr  at  least  their  form,  to  that  fluid.  It  is  very  pro- 
bable that  when  two  currents  of  dry  air  are  moving 
different  ways,  the  friction  of  the  two  surfaces  may 
evolve  electricity.  Should  these  currents  be  of 
different  temperatures,  a  portion  of  the  vapour 
which  they  always  contain,  will  be  deposited  ;  the 
electricity  evolved  will  be  taken  up  by  that  vapour, 
and  will  cause  it  to  assume  the  vesicular  state  con- 
stituting a  cloud.  Thus  we  can  see  in  general  how 
clouds  come  to  be  formed,  and  how  they  contain 
electricity.  This  electricity  may  be  either  vitreous 
or  resinous  according  to  circumstances.  And  it  is 
conceivable,  that  by  long  continued  opposite  cur- 
rents of  air,  the  charge  accumulated  in  a  cloud 
may  be  considerable.  Now,  when  two  clouds 
charged,  the  one  with  positive,  and  the  other  with 
negative,  electricity,  happen  to  approach  within  a 
certain  distance,  the  thickness  of  the  coating  of 
electricity  increases  on  the  two  sides  of  the  clouds 
which  are  nearest  each  other.  This  accumulation 
of  thickness  soon  becomes  so  great  as  to  over- 
come the  pressure  of  the  atmosphere,  and  a  dis- 
charge takes  place,  which  occasions  the  flash  of 
lightning.  The  noise  accompanying  the  discharge 
constitutes  the  thunder  clap,  the  long  continuance 
of  which  partly  depends  upon  the  reverberations 

tricity,  and  the  oxygen  (probably)  charged  with  vitreous  electricity. 
These  two  sources  are  sufficiently  abundant  to  account  for  the  vast 
quantity  of  electricity  so  often  accumulated  in  the  clouds.  See 
Ann.  de  China,  et  de  Phys.  xxxv.  401. 
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chap. vii.  from  neighbouring  objects.     It  is  therefore  loud- 
~est   and   largest,    and   most  tremendous,  in  hilly 

countries. 

^escripdon  A  thunder  storm  in  this  country  commonly  com- 
der  storm,  niences  in  the  following  manner.  A  low  dense  cloud 
begins  to  form  in  a  part  of  the  atmosphere  that  was 
previously  clear.  This  cloud  increases  fast,  but 
only  from  its  upper  part,  and  spreads  into  an  arched 
form,  appearing  like  a  large  heap  of  cotton  wool. 
Its  under  surface  is  level,  as  if  it  rested  on  a  smooth 
plane.  The  wind  is  hushed,  and  every  thing  ap- 
pears preternaturally  calm  and  still. 

Numberless  small  ragged  clouds,  like  teazled 
flakes  of  cotton,  soon  begin  to  make  their  appear- 
ance, moving  about  in  various  directions  and  per- 
petually changing  their  irregular  surface,  appearing 
to  increase  by  gradual  accumulation.  As  they 
move  about  they  approach  each  other,  and  appear 
to  stretch  out  their  ragged  arms  towards  each  other. 
They  do  not  often  come  in  contact ;  but  after 
approaching  very  near  each  other,  they  evidently 
recede  either  in  whole,  or  by  bending  away  their 
ragged  arms. 

During  this  confused  motion,  the  whole  mass  of 
small  clouds  approaches  the  great  one  above  it ; 
and  when  near  it,  the  clouds  of  the  lower  mass  fre- 
quently coalesce  with  each  other,  before  they 
coalesce  with  the  upper  cloud.  But  as  frequently 
the  upper  cloud  coalesces  without  them.  Its  lower 
surface,  from  being  level  and  smooth,  now  becomes 
ragged,  and  its  tatters  stretch  down  towards  the 
others,  and  long  arms  are  extended  towards  the 
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ground.  The  heavens  now  darken  apace,  the  whole  chap.vu. 
mass  sinks  down  ;  wind  rises  and  frequently  shifts 
in  squalls ;  small  clouds  move  swiftly  in  various 
directions ;  lightning  darts  from  cloud  to  cloud. 
A  spark  is  sometimes  seen  coexistent  through  a  vast 
horizontal  extent,  of  a  zigzag  shape,  and  of  differ- 
ent brilliancy  in  different  parts.  Lightning  strikes 
between  the  clouds  and  the  earth — frequently  in 
two  places  at  once.  A  very  heavy  rain  falls — the 
cloud  is  dissipated,  or  it  rises  high  and  becomes  light 
and  thin.* 

These  electrical  discharges  obviously  dissipate 
the  electricity,  the  cloud  condenses  into  water, 
and  occasions  the  sudden  and  heavy  rain  which 
always  terminates  a  thunder  storm.  The  previous 
motions  of  the  clouds,  which  act  like  electrometers, 
indicate  the  electrical  state  of  different  parts  of  the 
atmosphere. 

Thunder  then  only  takes  place  when  the  differ-  Expiana-  - 

P  i   /v»  i  tion  of  the 

ent  strata  or  air  are  in  different  electrical  states,  phenomena. 
The  clouds  interposed  between  these  strata,  are 
also  electrical,  and  owe  their  vesicular  nature  to 
that  electricity.  They  are  also  conductors.  Hence 
they  interpose  themselves  between  strata  in  dif- 
ferent states,  and  arrange  themselves  in  such  a  man- 
ner as  to  occasion  the  mutual  discharge  of  the  strata 
in  opposite  states.  The  equilibrium  is  restored,  the 
clouds  deprived  of  their  electricity  collapse  into 
rain,  and  the  thunder  terminates. 
In  thunder  storms  the  discharges  usually  take  place 

*  Robison ;  Supplement  to  third  Edition  of  the  Encyclopedia 
Britannica,  Vol.  ii.  p.  681. 
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chap. vn.  between  two  strata  of  air,  very  seldom  between  the 
~  air  and  the  earth.  But  that  they  are  sometimes 
also  between  clouds  and  the  earth  cannot  be 
doubted.  I  once  witnessed  a  thunder  storm  from 
the  summit  of  Lochnagar,  a  very  high  granite 
mountain  in  Aberdeenshire.  The  thunder  was  at 
a  great  distance  east.  The  first  clap  was  nearly  due 
east,  distant  not  less  than  ten  or  twelve  miles.  The 
second  was  north-east,  and  equally  far  off.  Thick 
black  clouds  intervened  between  me  and  the  thun- 
der, so  that  I  saw  no  lightning.  After  watching 
the  progress  of  the  storm  for  about  half  an  hour, 
suddenly  a  white  cloud  of  a  very  peculiar  appear- 
ance stretched  itself  between  the  part  of  the  heavens 
where  the  thunder  was  and  the  earth. 
This  cloud  was  composed  of  distinct  par- 
allel fibres  bent  as  in  the  margin.  This 
cloud  continued  about  half  an  hour,  dur- 
ing which  it  conveyed  away  all  the  sur- 
plus electricity  from  the  clouds  to  the 
earth.  For  no  more  thunder  was  heard, 
and  the  clouds  discharged  themselves  in 
a  heavy  shower  of  rain  which  terminated 
the  thunder  storm. 

These  electrical  discharges  sometimes  take  place 
without  any  noise.  In  that  case  the  flashes  are 
very  bright,  but  they  are  single  flashes  passing 
visibly  from  one  cloud  to  another,  and  confined 
usually  to  a  single  quarter  of  the  heavens.  When 
they  are  accompanied  by  the  noise,  which  we  call 
thunder^  a  number  of  simultaneous  flashes,  of  differ- 
ent colours,  and  constituting  an  interrupted  zigzag 
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line,  may  generally  be  observed  stretching  to  an  chap.vn. 
extent  of  several  miles.  These  seem  to  be  occa- 
sioned by  a  number  of  successive  or  almost  simul- 
taneous discharges  from  one  cloud  to  another; 
these  intermediate  clouds  serving  as  intermediate 
conductors,  or  stepping  stones  for  the  electrical 
fluid.  It  is  these  simultaneous  discharges,  which 
occasions  the  rattling  noise,  which  we  call  thunder. 
Though  they  are  all  made  at  the  same  time,  yet  as 
their  distances  are  different,  they  only  reach  our 
ear  in  succession,  and  thus  occasion  the  lengthened 
rumbling  noise  so  different  from  the  snap,  which 
accompanies  the  discharge  of  a  Leyden  jar. 

If  the  electricity  were  confined  to  the  clouds,  a  Nature  of 
single  discharge  (or  a  single  flash  of  lightning)  ciap. 
would  restore  the  equilibrium.  The  cloud  would 
collapse  and  discharge  itself  in  rain,  and  the  serenity 
of  the  heavens  would  be  restored.  But  this  is 
seldom  the  case.  I  have  witnessed  the  most  vivid 
discharges  of  lightning  from  one  cloud  to  another, 
which  enlightened  the  whole  horizon,  continue  for 
several  hours,  and  amounting  to  a  very  considerable 
number,  not  fewer  certainly  than  50,  and  termi- 
nating at  last  in  a  violent  thunder  storm.  We  see 
that  these  discharges,  though  the  quantity  of  elec- 
tricity must  have  been  immense,  did  not  restore 
the  equilibrium.  It  is  obvious  from  this,  that  not 
only  the  clouds  but  the  strata  of  air  themselves, 
must  have  been  strongly  charged  with  electricity. 
The  clouds  being  conductors  served  the  purpose 
of  discharging  the  electricity  with  which  they  were 
loaded,  when  they  came  within  the  striking  distance. 
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Chap.  vii.  But  the  electric  stratum  of  air  with  which  the  cloud 
was  in  contact,  being  a  non-conductor,  would  not 
lose  its  electricity  by  the  discharge  of  the  cloud. 
It  would  immediately  supply  the  cloud  with  which 
it  was  in  contact  with  a  new  charge.  And  this 
repeated  charging  and  discharging  process  would 
continue  to  go  on  till  the  different  strata  of  excited 
air  were  brought  to  their  natural  state. 
ElectJfthe  From  the  atmospherical  electric  journal  kept  by 
atmosphere.  Mr.  Read,  at  Knightsbridge,  during  two  whole 
years  from  the  9th  of  May,  1789,  to  the  9th  of 
May,  1791,  it  appears  that  clouds,  and  rain,  and 
hail,  and  snow,  are  always  charged  with  electricity ; 
sometimes  with  negative,  but  more  frequently  with 
positive,  electricity.  When  the  sky  is  serene  and 
cloudless,  the  strata  of  air  are  generally  charged 
with  positive  electricity.  In  such  cases  the  thunder 
rod  is  charged  by  induction.  The  highest  end 
acquiring  the  opposite  state  of  electricity  from  the 
air,  and  the  lowest  end  the  same  kind  of  electricity, 
while  a  portion  of  the  rod  towards  the  middle  is 
neutral.  During  the  first  year,  there  occurred  only 
7  days  in  which  no  electricity  could  be  perceived. 
But  during  the  second  year,  when  the  apparatus 
was  much  more  complete,  not  a  single  day  occurred 
which  did  not  give  indications  of  electricity  in  the 
atmosphere. 

During  the  first  year  the  electricity  was  positive 
241  times,  and  during  the  second  year,  423  times. 
This  difference  was  chiefly  owing  to  the  apparatus. 
During  the  first  year,  there  occurred  73  days  in 
which  the  signs  of  electricity  were  so  weak,  that 
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the  kind  could  not  be  determined,  and  there  were  chap.vii. 
7  days  in  which  no  signs  of  electricity  at  all  were 
perceptible.  But  during  the  second  year,  the  appa- 
ratus was  so  much  more  perfect,  that  no  day 
occurred  without  signs  of  electricity,  and  it  was 
ascertained,  that  on  those  days  in  which  the  elec- 
tricity is  weak,  it  is  always  positive.  During  the 
first  year,  the  electricity  was  observed  negative  156 
times,  and  during  the  second  year,  157  times. 
During  the  first  year,  sparks  could  be  drawn  from 
the  apparatus  during  98  days,  and  in  the  second  year 
during  106  days.  From  these  facts,  the  probability 
is,  that  the  electrical  state  of  the  atmosphere  did 
not  differ  much  during  each  of  the  two  years,  during 
which  the  observations  were  kept. 

It  would  tend  greatly  to  promote  the  progress 
of  meteorology,  which  is  obviously  very  much  con- 
nected with  electricity,  if  a  register  were  kept  in 
the  torrid  zone  of  the  state  of  the  electricity  of  the 
atmosphere  during  a  whole  year.  The  weather  in 
these  countries  is  so  regular,  and  the  transition  from 
dry  weather  to  rain  so  marked,  that  we  have  reason 
to  expect  corresponding  changes  in  the  state  of  the 
electricity  of  the  atmosphere.  The  heaviness  of 
the  rain  and  the  large  size  of  the  drops  in  these 
countries,  indicate  that  the  clouds  from  which  the 
rain  comes  are  situated  at  a  great  height  above  the 
surface  of  the  earth.  If  the  accumulation  of  elec- 
tricity should  be  at  a  corresponding  height,  this 
would  render  a  greater  height  necessary  for  the 
rod  by  means  of  which  the  electrical  indications 
are  determined. 


CHAPTER  VIII. 

OF  THE  THEORY  OF  THE  LEYDEN  JAR,  AND  OTHER 
SIMILAR  APPARATUS. 


viii.  JT  nas  been  already  stated  in  a  preceding  chapter, 
that  the  Leyden  jar  was  accidentally  discovered  at 
Leyden,byCunaeus,Muschenbroeck,  and  Allemand, 
at  a  very  early  period  of  electrical  science.  It 
constituted  a  memorable  era  in  the  history  of  elec- 
tricity, because  it  furnished  electricians  with  a 
method  of  accumulating  electricity  at  pleasure,  and 
thus  of  producing  many  curious  phenomena,  and 
investigating  the  laws  of  electricity  with  greater 
certainty  and  success.  The  theory  of  the  Leyden 
jar  was  first  investigated  by  Dr.  Franklin,  and  has 
been  long  familiar  to  electricians.  The  condenser 
and  electrophorus,  instruments,  so  useful  in  many 
investigations,  are  nothing  else  than  modifications 
of  it.  The  Leyden  jar,  as  at  present  employed  by 
electricians,  consists  of  a  thin  cylindrical  glass  of 
any  size,  from  that  of  an  eight  ounce  phial,  to 
that  of  400  cubic  inches  or  even  more,  usually  ter- 
minated at  the  upper  extremity  by  a  mouth  as 
wide  as  will  admit  the  insertion  of  the  hand  to 


THEORY  OF  THE  LEYDEN  JAR. 


449 


coat  the  inside  of  the  jar  with  tinfoil.  Ch- 

The  jar   is   covered   both   inside   and 

out    with   tinfoil   pasted   on  from   the 

bottom  to   within  a  third  of  the  top* 

The  upper  portion  of  the  jar  is  coated 

over  with  lac  varnish,  or  if  not  varnished 

it  should  be  rubbed  over  with  a  thin 

coating  of  tallow  to  prevent  moisture 

from  adhering  to  the  glass,  which  in  damp 

weather  or  in  a  moist  atmosphere,  would 

prevent  the  possibility  of  charging  the 

jar.    A  cork  covered  over  with  lac  varnish,  or  with 

sealing  wax,  is  fitted  into  the  mouth  of  the  jar, 

through  which  passes  a  brass  wire,  terminating  at 

its  upper  extremity  in  a  knob  or  small  sphere  of 

brass,  and  dividing  within  the  jar  into  three  wires, 

which  spread  wide,  and  in  consequence  press  lightly 

against  the  inside  coating  of  the  jar. 

Let  us  suppose  that  the  knob  b  is  placed  within  Mode  of 
the  striking  distance  of  the  prime  conductor  of  an  the 
electrical  machine,   while  the  outside  coating   inp 
consequence  of  the  jar  standing  on  a  common  table 
communicates  with  the  earth.     When  the  machine 
is  moved,  a  spark  of  positive  electricity  strikes  the 
knob  b,  and  makes  its  way  along  the  wire  to  the 
inside  of  the  jar.     This  spark,  from  the  nature  of 
glass,  cannot  pass  through  the  jar;  but  is  deposited 
upon  the  inside  surface  of  the  jar.     It  will  repel 
the  positive  electricity  on  the  outside  surface  of  the 
ar,  which  will  be  partially  driven  out  of  it,  and  will 
pass  into  the  earth ;  while  at  the  same  time  it  will 
attract  the  negative  electricity,  which  will  therefore 

1C)    /"i 
•  &     VT 


450  THEORY  OF  THE 

ch.  viii.  accumulate  on  the  outside  surface  of  the  glass. 
Suppose  another  spark  to  pass  from  the  prime 
conductor,  to  the  knob  b.  This  will  occasion  an 
additional  quantity  of  positive  electricity  to  accu- 
mulate on  the  inside  surface  of  the  jar.  More 
positive  electricity  will  be  driven  out  of  the  outside 
surface,  and  more  negative  electricity  will  be 
attracted  into  it.  Thus  every  spark  which  passes 
from  the  conductor  to  the  knob,  occasions  an 
increase  of  positive  electricity  on  the  inside  surface, 
and  an  increase  of  negative  electricity  upon  the 
outside  surface ;  till  at  last  there  is  a  very  consid- 
erable accumulation  of  the  two  electricities  on  the 
two  surfaces.  The  mutual  attraction  which  takes 
place  between  these  two  electricities,  will  have  a 
tendency  to  prevent  them  from  escaping  spontane- 
ously, and  will  also  occasion  a  much  greater  accu- 
mulation of  each  on  the  respective  surfaces.  Sup- 
pose now  that  a  good  conductor,  a  metallic  wire  for 
example,  is  made  to  touch  at  once  the  knob  b,  and 
the  outside  coating  of  the  jar,  the  two  electricities 
will  rush  into  combination  along  this  wire,  a  snap 
or  an  explosion  will  take  place  accompanied  by  a 
brilliant  light,  the  two  electricities  will  combine, 
and  all  symptoms  both  of  positive  and  negative 
electricity  will  disappear,  or  almost  disappear.  If 
instead  of  a  metallic  wire  the  medium  of  commu- 
nication between  the  inside  and  outside  coating,  be 
the  human  body ;  as  for  example,  if  we  grasp  the 
jar  by  the  bottom  with  one  hand,  and  touch  the 
knob  with  the  finger  of  the  other,  the  two  electri- 
cities unite  in  our  body,  and  the  act  of  union  is 
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attended  with  a  shock  more  or  less  violent  and  Ch-  VIII: 
painful,  according  to  the  size  of  the  jar,  and  the 
greatness  of  the  charge.  When  a  number  of  jars 
are  united  together,  constituting  what  is  called  an 
electrical  battery,  the  shock  is  so  great  as  to  prove 
fatal,  when  passed  through  the  body  of  an  animal 
of  considerable  size,  as  a  sheep,  or  a  large  dog. 

In  the  Leyden  phial  the  electricities  are  not  STJSfco, 
lodged  upon  the  coatings  of  the  jar,  but  upon  the  ot  the  gluss< 
two  surfaces  of  the  jar  itself.  This  was  demon- 
strated by  Dr.  Franklin.  Instead  of  coating  the 
inside  of  the  jar  with  tinfoil,  we  may  fill  it  with 
watef  up  to  the  usual  height  of  the  coating-  This 
indeed  was  the  coating  originally  used  by  the  dis- 
coverers of  the  Leyden  jar.  Instead  of  pasting  the 
outside  coating  to  the  jar,  we  may  make  it  merely 
to  fit  the  jar,  and  so  that  the  jar  may  be  easily  slipt 
out  of  it  without  using  force.  Dr.  Franklin  charged 
a  jar  containing  water,  and  having  the  outside 
coating  merely  in  contact.  He  then  poured  out 
the  water,  and  drew  the  jar  out  of  its  outside  coat- 
ing, taking  care  never  to  establish  any  communica- 
tion between  the  inside  and  outside.  New  water 
was  now  poured  into  the  jar,  and  a  new  coating 
applied  on  the  outside.  The  jar  was  still  found 
charged,  and  when. a  communication  was  establish- 
ed between  the  knob  and  the  outside  coating,  an 
explosion  took  place  just  as  would  have  happened 
had  the  original  coatings  not  been  displaced. 
Whenever  the  quantity  of  positive  electricity 
accumulated  on  the  inside  surface  of  the  jar  is  so 
great,  that  by  its  repulsive  force  it  prevents  the 
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vi  ii.  accumulation  of  any  more,  then  the  jar  has  received 


all  the  charge  which  it  can  take. 

If  we  insulate  a  Leyden  jar,  and  place  the  out- 
side coating  in  contact  with  an  insulated  electro- 
meter consisting  of  two  pith  balls  suspended  by 
linen  threads  from  a  hooked  wire;  as  soon  as  a 
spark  of  positive  electricity  passes  into  the  knob, 
the  balls  separate,  indicating  a  charge  of  positive 
electricity.  If  we  touch  the  wire  to  which  the 
pith  balls  are  attached,  they  immediately  close, 
because  by  this  contact,  we  carry  off  the  positive 
electricity  which  had  been  driven  out.  of  the  out- 
side surface  by  the  spark  of  positive  electricity, 
which  was  deposited  on  the  inside  surface.  If  we 
now7  touch  the  knob  of  the  jar,  so  as  to  draw  off 
the  uncombined  positive  electricity  from  the  inside 
surface,  the  pith  balls  again  separate.  But  they 
are  now  charged  with  negative  electricity.  Thus 
we  see,  that  when  positive  electricity  accumulates 
on  the  inside  surface,  positive  electricity  is  driven 
off  from  the  outside  surface,  and  that  negative 
electricity  accumulates  on  that  surface.  When  the 
jar  is  charged,  if  we  put  it  under  the  receiver  of  an 
air-pump,  and  exhaust  the  air,  the  two  electrici- 
ties being  no  longer  retained  in  their  place,  rush 
towards  each  other,  forming  a  path  which  appears 
luminous  in  the  dark. 

By  means  of  the  charged  Leyden  iar,  we  can 

furnishes  .  '  . 

either  eiec-  procure  at  pleasure  either  positive  or  negative  elec- 
tricity, which  is  very  convenient  for  many  purposes. 
From  the  mode  of  charging  the  phial,  the  inside  has 
generally  a  charge  of  positive  electricity,  while  nega- 
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tive  electricity  is  accumulated  on  the  outside.  Sup-  Ch.  vin. 
pose  it  thus  charged,  if  we  take  it  up  in  one  hand, 
and  make  the  knob  rub  against  the  surface  of  a  cake 
of  wax  or  a  thin  plate  of  glass  covered  with  lac  var- 
nish ;  the  parts  of  the  plate  touched  by  the  knob 
will  have  acquired  positive  electricity,  and  the  parts 
opposite  on  the  under  surface  of  the  glass  will  have 
acquired  negative  electricity.  If  we  now  suspend 
the  glass  plate  insulated  in  the  air,  and  blow  upon 
it  a  mixture  of  sulphur  and  minium  powder  pre- 
viously triturated  together,  the  minium  alone  will 
adhere  to  the  parts  of  the  plate  that  have  been 
electrified  positively.  If  we  blow  the  same  mix- 
ture of  powder  upon  the  other  side  of  the  plate, 
the  sulphur  alone  will  adhere  to  the  parts  which 
are  electrified  negatively.  Thus  we  will  have  the 
same  lines  traced  on  the  two  sides  of  the  glass 
plate ;  but  with  different  coloured  powders.  The 
positive  electricity  will  be  covered  with  the  red 
powder  of  minium,  the  negative  electricity  with 
the  yellow  powder  of  sulphur.  This  curious  ex- 
periment was  first  made  by  Lichtenberg,  and  these 
lines  are  called  the  lines  of  Lichtenberg.  The 
reason  of  the  .phenomenon  is,  that  when  sulphur 
and  minium  are  triturated  .together,  sulphur  ac- 
quires positive  electricity,  while  minium  acquires 
negative.  Hence  they  naturally  attach  themselves 
to  those  surfaces  which  have  an  electricity  oppo- 
site to  their  own. 

The  instrument  called  the  condenser,  so  useful 
in  electrical  investigations,  is  very  nearly  of  the 
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ch.  viii.  same  nature  with  the  Leyden  jar,  or  at  least  de- 
pends upon  the  same  electrical  laws.  This  instru- 
ment was  first  contrived  by  .ZEpinus,  but  it  was 
brought  into  the  convenient  form  for  use,  which  it 
has  at  present,  by  Volta.  Suppose  a  body  A,  to 
be  placed  in  contact  with  the  charged  prime  con- 
ductor of  an  electrical  machine.  It  will  acquire  a 
certain  electrical  charge.  If  while  thus  charged, 
we  bring  the  body  B,  (supposed  in  a  natural  state 
and  communicating  freely  with  the  ground,)  into 
its  neighbourhood,  the  presence  of  this  new  body 
will  enable  A  to  take  a  much  stronger  charge 
than  before.  For  the  electricity  with  which  it  is 
charged  acts  upon  the  electricity  of  B.  It  drives 
the  electricity  of  the  same  kind  with  itself  into  the 
ground,  and  attracts  the  opposite  electricity,  and 
fixes  it  upon  that  surface  of  B  which  is  nearest  A. 
By  this  attraction,  the  elasticity  of  the  electricity 
in  A  is  diminished.  The  consequence  is,  that  an 
additional  quantity  of  electricity  passes  from  the 
prime  conductor  into  A.  This  new  quantity  acts 
in  its  turn  upon  the  electricity  in  B,  drives  an  addi- 
tional portion  of  the  electricity  of  the  same  name 
into  the  earth,  and  attracts  an  additional  quantity 
of  the  opposite  electricity.  This  new  charge  of 
electricity  in  B,  by  its  attraction,  serves  still  farther 
to  diminish  the  elasticity  of  the  electricity  in  A, 
and  thus  an  additional  quantity  will  flow  into  it 
from  the  prime  conductor.  Thus  the  two  bodies 
act  reciprocally  upon  each  other,  and  mutually  in- 
crease the  charge  in  each. 
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Let  D  be  the  prime  conductor  ch,  vin. 

of  a  machine,    and  let   A    be  a 
metallic  plate  suspended  from  the 
conductor  by  means  of  the   wire 
w.     If  D  be  weakly  charged,  it  A 
will  communicate  a  weak  charge 
also  to  A.     This  may  be  ascer- 
tained by  bringing  an  electrometer 
into  its .  neighbourhood.      Now  let   the   metallic 
plate  B,  communicating  with  the  ground,  be  made 
gradually  to  approach  A,  till  it  is  as  near  as  possi- 
ble,  without  however  being  sufficiently  so  to  re- 
ceive a  spark  from  A.     The  presence  of  the  plate 
B  will  enable   A  to  take  a  much  greater  charge, 
as  may  be  easily  ascertained  by  means  of  an  elec- 
trometer.    If  we  now  remove  A  by  means  of  a 
glass  rod,  taking  care  that  B  shall  retain  its  posi^ 
tion  till  A  is  insulated,  then  A  will  be  much  more 
strongly  charged  than  it  would  have  been  had  not 
B  been  near  it. 

The  nearer  we  can  bring  B  to  A,  the  greater  is 
the  effect  which  it  will  produce  in  increasing  the 
charge.  >  But  this  diminution  of  distance  is  limited 
by  the  tendency  which  the  electricity  of  A  has  to 
pass  off  to  B.  The  best  way  then  is  to  interpose 
between  them  some  non-conductor,  through  which 
of  course  the  electricity  cannot  pass ;  such  for 
example  as  a  thin  plate  of  glass,  or  a  thin  coating  of 
lac  varnish.  By  this  contrivance,  the  distance 
between  the  plates  may  be  rendered  very  small. 
Thus  arranged,  the  two  plates  constitute  what  is 
called  the  condenser. 
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Bonnet's 
doubler. 


Bennet's  doubler  may  be  considered  as  a  still 
farther  improvement  of  the  condenser.  The  first 
description  of  it  was  published  in  the  Philosophical 
Transactions  for  1787.  The  method  of  using  this 
doubler  is  as  follows. 

It  consists  of  three  parts. 
1.  A  polished  brass  plate  A, 
with  an  insulating  handle  fix- 
ed in  its  centre.  2.  A  similar 
plate  B,  with  an  insulating  handle 
fixed  in  its  periphery.  3.  The 
cap  of  Bennet's  gold  leaf  elec- 
trometer, G,  which  serves  for 
the  third  plate.  The  two  plates 
A  and  B,  are  varnished  on  their 
under  side.  The  handles  are 
made  of  mahogany,  fixed  to  the 
plates  by  means  of  glass  nuts 
covered  with  sealing  wax. 

Suppose  we  have  to  examine 
the  electricity  of  the  plate  G. 

1.  Place  B  upon  G,  and  com- 
municate some  electricity  to  the  latter,  while  the 
plate  B  is  touched  with  the  finger.  It  is  evident 
that  G  will  receive  a  greater  charge  than  if  B 
were  not  near  it.  In  fact  these  two  plates  con- 
stitute the  common  condenser. 

%.  Remove  the  source  of  electricity  from  the 
contact  of  G,  and  take  the  finger  from  off  B.  Raise 
B,  by  its  insulating  handle,  and  B  and  G  will 
exhibit  the  opposite  states  of  electricity  more 
strongly  than  when  they  were  in  contact. 
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3.  Place  A  on  B  and  touch  A  with  the  finger,  ch.  vm. 
It  is  obvious  that  a  quantity  of  the  opposite  elec- 
tricity from  that  in  B  will  accumulate  in  A,  while 

the  same  kind  of  electricity  will  be  driven  off.  In 
short  A  will  be  charged  with  the  same  kind  of 
electricity  as  G. 

4.  Place  B  upon  G,  and  touch  B  with  the  finger 
as  before,  and  at  the  same  time  apply  A  edgeways 
to  G.     In  this  situation  A  will  communicate  the 
greatest  part  of  its  electricity  to  G. 

5.  Remove  A,  take  the  finger  from  B,  and  raise 
B  from  G.     The  opposite  electricities  in  B  and  G 
will  now  be  stronger  than  before,  on  account  of 
the  additional  electricity  afforded  by  A. 

6.  Place  A  upon  B  again,  and  proceed  as  in  No. 
3.     An  additional  dose  of  electricity  may  now  be 
communicated  from   A  to  G.     By  proceeding  in 
this   manner   for   a   certain    time,    the   electricity 
originally  communicated  to  G,  though  at  first  too 
small  to  affect  the  strips  of  gold  leaf,  will  at  last 
become  sufficiently  sensible  to  produce  a  consider- 
able divergence  in  them. 

This  doubler  was  still  farther  improved  by  Mr. 
Nicholson,  who  constructed  what  he  called  his  re- 
volving doubler,  an  account  of  which  may  be  seen 
in  the  Philosophical  Transactions  for  1788,  and  in 
Nicholson's  Journal  for  May,  1800. 

The  best  condenser  consists  of  two  metallic 
plates,  having  their  contiguous  surfaces  covered 
with  a  coat  of  varnish.  Care  must  be  taken  to 
place  them  upon  each  other,  without  rubbing  them 
against  each  other.  For  friction  would  develope 
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ch.  viii.  electricity  in  the  coating  of  resin,  which  would  ad- 
~  here  to  it,  and  might  occasion  errors  in  delicate 
experiments.  To  render  the  instrument  convenient, 
the  plate  B  is  fixed  upon  a  solid  metallic  foot,  and 
an  insulating  handle  of  varnished  glass  is  fixed  in 
the  centre  of  the  upper  surface  of  the  plate  A.  A 
wire  terminating  in  a  knob  is  usually  fixed  in  the 
plate  A,  by  means  of  which,  the  electricity  to  be 
examined  is  conveyed  to  it,  while  the  finger  is  in 
contact  with  plate  B,  or  its  metal  stand  in  order  to 
secure  its  communication  with  the  ground.  When 
A  is  to  be  removed  from  B,  the  condenser  should 
be  placed  upon  a  table,  and  A  should  be  lifted  up 
perpendicularly  from  B,  without  any  friction,  other- 
wise A  would  be  apt  to  discharge  itself  upon  B. 

Theory  of  The  condenser  evidently  depends  upon  the  same 
*~  principles  as  the  Leyden  phial,  and  indeed  its  theory 
is  so  obvious,  that  a  very  few  words  will  be  sufficient 
to  explain  it.  Suppose  plate  A  to  be  charged  with 
positive  electricity,  a  certain  quantity  of  negative 
electricity  will  be  attracted  and  fixed  in  plate  B. 
This  will  allow  A  to  take  a  farther  charge,  which 
will  accumulate  a  still  additional  quantity  of  nega- 
tive electricity  in  B ;  and  so  on.  If  the  distance 
between  A  and  B  were  nothing,  the  quantity  of 
positive  electricity  in  the  former  would  be  exactly 
balanced  by  the  quantity  of  negative  electricity  in 
the  latter.  But  there  is  always  a  certain  distance 
between  A  and  B.  Hence,  the  positive  electricity 
in  A  will  exceed  the  negative  electricity  in  B,  and 
it  will  exceed  it  the  more  the  greater  the  distance 
between  the  two  plates  is.  But  in  all  cases  there 
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must  be  an  excess  of  vitreous  electricity  in  A  ;  so  Ch-  VIIL 
that  the  two  electricities  accumulated  in  the  two 
plates,  will  not  exactly  neutralize  each  other.  The 
very  same  thing  happens  in  the  Leyden  jar,  and 
hence  it  will  be  found,  that  when  the  communica- 
tion is  made  between  the  two  sides  of  the  jar,  all 
electrical  symptoms  do  not  vanish.  A  small  charge 
will  still  be  found  in  the  jar,  which  will  occasion  a 
slight  shock,  when,  holding  the  discharged  jar  in 
one  hand,  we  touch  the  knob  with  the  other. 

In  the  condenser,  the  electricity  does  not  reside 
in  the  metallic  plates,  but  on  the  faces  of  the  thin 
coat  of  varnish  which  separates  them.  This  is  easily 
demonstrated  by  employing  a  condenser  whose 
plates  are  separated  by  a  thin  disc  of  glass.  After 
plate  A  is  charged  with  electricity,  place  the  con- 
denser upon  an  insulating  stool.  Then  remove 
plate  A.  On  applying  the  finger  to  it,  only  a  very 
small  spark  will  be  given,  amounting  to  no  more 
than  a  very  small  portion  of  the  electricity.  Now, 
remove  the  plate  of  glass  by  taking  it  up  by  one 
of  the  corners,  and  examine  plate  B.  It  also  will 
communicate  only  a  very  slight  spark.  We  see 
then  that  the  two  electricities  were  in  fact  upon  the 
two  surfaces  of  the  glass.  Thus  the  condenser  dif- 
fers from  the  Leyden  phial  in  nothing  but  the  shape. 

The  electrophones,  an  instrument  for  which  we  Electro- 
are  indebted  to  Volta,  is  quite  similar  in  its  nature 
to  the  condenser,  and  depends  upon  the  same  prin- 
ciples as  the  Leyden  phial.  The  electrophorus 
usually  consists  of  three  parts.  1.  A  metallic  plate, 
round  and  about  six  inches  in  diameter.  It  should 
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ch.viu.  be  thin  and  provided  with  an  insulating  stand.  2. 
A  cake  of  resin  of  the  same  dimensions  as  the  me- 
tallic plate.  This  resin  is  melted,  and  then  cast 
upon  the  metallic  plate.  It  should  also  be  thin. 
We  shall  call  this  metallic  plate  the  sole  of  the  elec- 
trophorus,  and  the  resin  we  shall  call  the  cake.  3. 
A  metallic  plate,  or  a  wooden  plate  quite  smooth, 
all  round,  and  without  any  projecting  points  covered 
with  a  coating  of  tinfoil.  It  should  be  of  the  same 
dimensions  as  the  other  two  parts.  We  shall  call  it 
the  cover.  It  must  be  provided  with  an  insulated 
glass  handle  like  the  upper  plate  of  the  condenser. 

Pour  the  melted  cake  upon  the  insulated  sole  and 
let  it  remain  till  it  has  become  firm  and  hard.  If  we 
now  examine  the  apparatus,  we  shall  find  it  nega- 
tively electrified,  and  when  the  finger  is  applied  to 
any  part  of  it,  especially  the  sole,  a  spark  is  pro- 
duced. If  the  apparatus  be  now  suffered  to  remain 
at  rest,  the  electricity  is  gradually  dissipated  and 
disappears,  but  it  may  be  again  restored  by  rubbing 
the  resin  with  a  piece  of  catskin  with  the  fur  on. 
By  this  friction  resinous  electricity  is  developed  on 
the  cake.  If  the  insulated  sole  be  placed  in  contact 
with  an  electrometer,  we  shall  find  the  pith  balls 
diverge,  and  indicate  negative  electricity.  If  we 
touch  the  sole  with  our  finger,  the  pith  balls  fall 
down,  and  all  signs  of  electricity  disappear.  The 
cake  obviously  repels  the  negative  electricity  from 
the  sole,  and  attracts  the  positive  electricity. 
Hence  there  will  be  an  accumulation  of  negative 
electricity  in  the  cake,  and  of  positive  electricity  in 
the  sole. 
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If  we  apply  the  cover  to  the  cake,  lifting  it  by  Ch.  vin. 
the  insulating  handle,  and  after  allowing  it  to  remain  ~ 
a  little,  lift  it  off  again,  and  apply  it  to  an  electro- 
meter, we  shall  find  no  signs  of  electricity.  But  if 
we  replace  it  on  the  cake,  and  place  an  insulated 
electrometer  in  communication  with  it,  the  pith 
balls  will  diverge  with  negative  electricity.  If  we 
touch  the  cover  with  the  finger,  and  then  withdraw 
it,  we  shall  find  it  charged  with  positive  electricity. 
It  is  obvious  that  the  action  of  the  cake  upon  the 
cover  is  the  very  same  as  upon  the  sole.  The 
negative  electricity  has  been  repelled,  and  the  posi- 
tive electricity  attracted.  So  that  both  the  sole  and 
the  cover,  if  they  be  made  to  communicate  with 
the  ground,  will  be  found  charged  with  positive 
electricity. 

As  the  electricity  does  not  soon  leave  the  cake 
after  friction,  if  it  be  kept  in  a  dry  place  the  cover 
may  be  charged  with  positive  electricity,  simply  by 
placing  it  on  the  cake,  and  touching  it  with  the 
finger,  and  then  removing  it.  And  the  charge  will 
be  sufficient  to  give  sparks,  and  thus  to  enable  us 
to  apply  the  electrophorus  to  a  variety  of  useful 
purposes.  It  may  continue  to  act  for  a  month  or 
even  longer.  But  the  attraction  between  the  two 
opposite  electricities  will  gradually  overcome  the 
resistance  which  the  resin  manifests  to  the  disen- 
gagement of  its  electricity.  The  positive  electricity 
will  gradually  make  its  way,  unite  with  the  negative 
electricity  on  the  surface  of  the  resin,  and  all  the 
electricity  will  of  course  be  discharged.  When  this 
happens  the  electrophorus  may  be  again  brought 
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ch.  viii.  into  action  by  rubbing  the  cake  with  a  piece  of 
catskin  as  before. 

The  theory  and  mode  of  action  of  the  electro- 
phorus  is  so  obvious  after  the  preceding  explanation 
of  the  Leyden  phial  and  the  condenser,  that  it  is 
quite  unnecessary  to  offer  any  farther  elucidation. 


CHAPTER  IX. 
OF  THE  ELECTRIC  SPARK. 


THE  first  person  who  seems  to  have  perceived  the  Chai>- IX- 
electric  light  was  Otto  Guericke.  But  he  has  left 
nothing  satisfactory  on  the  subject.  Dr.  Hall,  Sp*^^8- 
however,  in  the  year  1708  observed  that  when  Dr.  Haii. 
pieces  of  amber  are  rubbed  with  flannel  they  give 
out  a  great  deal  of  light,  with  a  crackling  noise. 
This  light  he  compared  to  lightning.  He  observed 
the  same  thing  with  the  diamond,  and  lac,  and 
sealing  wax,  when  rubbed.  He  found  that  all 
bodies  which  are  capable  of  being  excited  by 
friction  or  electrics  have  the  property  of  becoming 
luminous  when  rubbed.  This  friction  excites 
electricity  and  gives  them  the  property  of  attracting 
light  bodies.  Thus  Dr.  Hall  recognised  that  when 
electrical  bodies  are  excited  by  friction  they  emit 
light.*  Mr.  Hauksbee  had  indeed  in  1705  observed 
the  light  emitted  when  mercury  is  agitated  in  a 
glass  tube  in  vacuo,  and  several  other  similar 
phenomena.  But  he  was  not  aware  that  electricity 
had  any  share  in  producing  this  light.t  Very  soon 

*  Phil.  Trans,  xxvi.  69.  t  Ibid.  xxiv.  2129. 
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chap.  ix.  after  the  discovery  of  Dr.  Hall  we  find  Hauksbee 
describing  the  light  evolved  by  the  friction  of 
glass  and  various  other  bodies,  and  it  is  obvious 
from  his  account  of  his  experiments  that  he  was 
aware  that  this  light  was  connected  with  elec- 
tricity.* 

When  a  spark  is  drawn  from  a  body  electrified 

brush.  positively  it  has  the  form  of  a  pencil  of  rays,  or 
brush,  or  it  forms  a  cone,  the  apex  of  which  is  in 
the  body  from  which  the  spark  proceeds.  This 
brush  was  first  described  by  Mr.  Gray,  and  when 
originally  observed  it  excited  great  surprise  in  him 
and  his  friends.  When  the  spark  is  drawn  from  a 

Negative  a  foody  negatively  electrified  it  has  the  appearance  of 
a  star.  These  two  forms  of  the  light  serve  very 
well  to  distinguish  the  two  electricities.  The 
pencil  or  brush  characterizing  positive,  and  the  star 
negative  electricity.  No  satisfactory  explanation 
of  the  cause  of  this  diversity  can  be  offered.  We 
know  too  little  respecting  the  nature  of  the  electric 
fluid  and  of  light  to  be  able  even  to  offer  a  con- 
jecture  upon  the  subject. 

When  the  electric  light  is  examined  by  means  of 

soiar  light.  a  prjsm?  it  is  foun(j  composed  of  the  same  seven 
coloured  rays  as  the  solar  light.  But  the  propor- 
tion of  the  different  rays,  and  of  course  the  colour 
of  the  electric  spark,  varies  according  to  circum- 
stances. 

When  a  given  quantity  of  electricity  occasions  a 
spark  by  passing  from  one  body  to  another,  its 

*  Phil.  Trans,  xxvi.  87. 
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brilliancy  is  always  the  greater  the  smaller  the  size  ChaP- IX- 
of  the  body  from  which  it  is  drawn.  Hence  it 
happens  that  more  brilliant  sparks  may  be  drawn 
from  a  small  brass  knob,  fixed  to  the  prime  con- 
ductor of  an  electrical  machine,  than  from  the  prime 
conductor  itself.  A  short  spark  is  always  white  ; 
but  a  very  long  spark  is  usually  reddish  or  rather 
purplish.  When  we  draw  a  spark  from  the  prime 
conductor  of  an  electrical  machine,  by  means  of  a 
metallic  knob,  the  spark  is  white ;  but  when  we 
draw  it  by  the  hand  it  is  purple.  If  we  draw  it  by 
means  of  a  wet  plant,  or  water,  or  ice,  the  colour 
is  red.  The  same  spark  will  vary  in  colour  accord- 
ing to  its  length.  When  short  it  is  always  white, 
when  very  long  it  is  purple  or  violet.  A  spark 
which  in  the  open  air  does  not  exceed  a  quarter  of 
an  inch  in  length  will  appear  to  fill  the  whole  of  an 
exhausted  receiver,  four  inches  wide,  and  eight 
inches  long.  In  the  former  case  it  is  white,  in  the 
latter  the  light  is  very  feeble,  and  the  colour  violet. 

Thus  the  electric  spark,  like  the  light  from  Resembles 
burning  bodies,  does  not  always  contain  all  the  of  burning 
rays  which  exist  in  solar  light.  When  the  spark  is 
feeble,  only  the  most  refrangible  rays  appear ;  when 
it  is  strong  all  the  rays  appear  together,  rendering 
the  light  of  the  most  dazzling  whiteness.  The 
electrical  brush  is  always  violet  coloured.  When 
a  spark  is  passed  through  a  torricellian  vacuum, 
made  without  boiling  the  mercury,  the  colour  is 
indigo.  Now  this  is  precisely  what  takes  place  in 
combustion.  When  the  combustion  is  feeble  the 

i.  2  H 
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chap.  ix.  colour  of  the  light  is  blue ;  but  when  it  is  strong 

the  colour  is  white. 

Probably  It  is  well  known  that  electricity  occasions  a 
the  conden- current  in  the  air.  This  current,  indeed,  may  be 
air.  felt  with  the  finger,  and  it  has  been  frequently 
employed  to  produce  very  rapid  motions  in  light 
bodies.  A  great  variety  of  amusing  exhibitions  of 
this  sort  are  usually  shown  by  lecturers  on  electri- 
city ;  most  of  which  may  be  found  described  in  the 
popular  treatises  on  electricity,  which  are  in  every 
body's  hands.  It  is  evident  from  this  and  from  the 
prodigious  rapidity  with  which  electricity  moves, 
that  when  an  electric  spark  passes  through  air,  that 
fluid  must  be  suddenly  and  enormously  compressed. 
Now  it  has  been  shown  in  the  first  part  of  this 
work  that  when  air  is  suddenly  compressed  suffi- 
ciently it  gives  out  light,  and  that  the  colour  of  the 
light  depends  upon  the  rapidity  and  extent  of  the 
compression.  This  circumstance  has  led  electri- 
cians to  suspect  that  the  light  of  the  elec- 
tric spark  is  not  inherent  in  electricity  ;  but 
merely  the  result  of  the  compression  of  the 
air. 

That  air  is  violently  and  suddenly  com- 
pressed when  an  electric  spark  is  passed 
through  it  may  be  shown  by  the  following 
contrivance,  for  which  we  are  indebted  to 
Mr.  Kinnersley  of  Philadelphia.  A  B, 
is  a  glass  tube  about  ten  inches  long, 
and  nearly  two  inches  in  diameter.  It 
is  closed  air  tight  at  both  ends  by  two 
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brass  caps.  Through  a  hole  in  the  upper  cap  chap.  ix. 
passes  the  small  glass  tube  H,  open  at  both  ends, 
and  the  bottom  of  it  is  plunged  into  a  little  water 
in  the  lower  end  of  the  tube  A  B.  Through  the 
middle  of  each  of  the  brass  caps  a  wire,  F  G  and 
E  I,  is  introduced,  terminating  each  in  a  brass 
knob  within  the  tube,  and  capable  of  sliding 
through  the  caps,  so  as  to  be  placed  at  any  distance 
from  each  other  at  pleasure.  If  the  two  knobs  be 
brought  into  contact,  and  a  Leyden  jar  be  dis- 
charged through  the  wires  the  air  within  the  tubes 
undergoes  no  change  in  its  volume  ;  but  if  the 
knobs  G  and  I  be  placed  at  some  distance  from 
each  other  when  the  Leyden  jar  is  discharged 
through  the  wires  a  spark  passes  from  the  one  knob 
to  the  other.  The  consequence  is  a  sudden  rare- 
faction of  the  air  in  the  tube  shown  by  the  water 
instantaneously  rising  to  the  top  of  the  small  tube, 
and  then  as  suddenly  subsiding  to  H.  After  which 
it  gradually  sinks  again  to  the  bottom  of  the  tube 
as  the  air  slowly  recovers  its  original  volume. 

The  most  valuable  set  of  experiments  which  w 
possess  on  this  interesting  branch  of  electricity  are     cricity 
those  of  Sir   Humphrey  Davy,  published  in  the 
Philosophical  Transactions  for  1822.     By  boiling  dia> 
mercury  for  some  time  in  a  bent  barometrical  tube 
shut  at  one  end  through  which  a  platinum  wire 
passed,  he  contrived  to  form  a  torricellian>acuum 
quite  free  from  air.     But  the  vapour  of  mercury 
was  quite  sensible   in  it.     In  all  cases  when  the 
mercurial  vacuum  was  perfect,  it  was  permeable  to 
electricity,  and  was  rendered  luminous  by  either 
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Chap.  ix.  the  common  spark,  or  the  shock  from  a  Leyden 
jar,  and  the  coated  glass  surrounding  it  became 
charged.  But  the  degree  of  the  intensity  of  this 
phenomenon  depended  upon  the  temperature. 
When  the  tube  was  very  hot,  the  electric  light  ap- 
peared in  the  vapour  of  a  bright  green  colour,  and 
of  great  density.  As  the  temperature  diminished, 
it  lost  its  vividness,  and  when  it  was  artificially  cool- 
ed to  20°  below  zero,  it  was  so  faint  as  to  require 
considerable  darkness  to  be  perceptible.  The 
charge  likewise  communicated  to  the  tin  or  pla- 
tinum foil  was  higher,  the  higher  the  temperature. 
This,  like  the  other  phenomena,  must  depend 
upon  the  different  density  of  the  mercurial  vapour. 

In  all  cases,  when  the  minutest  quantity  of  rare 
air  was  introduced  into  the  mercurial  vacuum,  the 
electric  light  changed  from  green  to  sea  green,  and 
by  increasing  the  quantity  of  air  to  blue  and  to 
purple — and  when  the  temperature  was  low,  the 
vacuum  became  a  much  better  conductor. 

A  vacuum  being  made  by  means  of  fused  tin, 
the  electric  light  at  temperatures  below  0°  was  yel- 
low, and  of  the  palest  phosphorescent  kind,  requir- 
ing almost  absolute  darkness  to  be  perceived,  and 
it  was  not  perceptibly  increased  by  heat. 

Davy  tried  to  form  a  vacuum  above  boiling  olive 
oil,  and  above  chloride  of  antimony,  which  boils  at 
about  388°.  The  light  produced  by  the  electricity 
passing  through  the  vapour  of  the  chloride  was 
much  more  brilliant  than  that  produced  by  its  pass- 
ing through  the  vapour  of  oil — and  in  vapour  of 
oil  it  was  more  brilliant  than  in  vapour  of  mercury. 
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The  light  was  pure  white  in  the  vapour  of  the  chlo-  ChaP- **• 
ride,  and  of  a  red  inclining  to  purple  in  the  vapour 
of  the  oil,  and,  in  both  cases,  permanent  elastic 
fluid  was  produced  by  its  transmission. 

When  the  temperature  was  diminished,  the  elec- 
trical light  (transmitted  through  vapour  of  mercury) 
diminished  also  till  the  temperature  was  reduced  to 
20°.  But  between  20°  and — 20°  it  seemed  sta- 
tionary. 

Unless  the  electrical  machine  was  very  active,  no 
light  was  visible  during  the  transmission  of  the  elec- 
tricity ;  but  that  the  electricity  passed  was  evident, 
from  the  luminous  appearance  of  the  rarefied  air  in 
other  parts  of  the  syphon.  When  the  machine  was 
in  great  activity  there  was  a  pale  phosphorescent 
light  above,  and  a  spark  on  the  mercury  below,  and 
brilliant  light  in  the  common  vacuum.  A  Leyden 
jar  weakly  charged,  could  not  be  made  to  transmit 
its  electricity  by  explosion  through  the  cooled  torri- 
cellian  vacuum  ;  but  this  electricity  was  slowly  dis- 
sipated through  it — and  when  strongly  charged,  the 
spark  passed  through  nearly  as  much  space  as  in 
common  air,  and  with  a  light  visible  in  the  shade. 
At  all  temperatures  below  200°,  the  mercurial 
vacuum  was  a  much  worse  conductor  than  highly 
rarefied  air— and  when  the  tube  containing  it  was 
included  in  the  exhausted  receiver,  its  temperature 
being  about  50°,  the  spark  passed  through  a  dis- 
tance six  times  greater  in  the  Boylean  than  in  the 
mercurial  vacuum. 

From  these,  and  various  similar  experiments  re- 
lated by  Davy,  it  seems  demonstrated  that  electri- 
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Chap.  ix.  city  is  capable  of  passing  through  a  perfect  vacuum, 
but  that  the  light  emitted,  depends  upon  the  vapour 
or  air  through  which  it  passes,  and  that  if  the 
vacuum  were  perfect  no  light  whatever  would 
appear. 

The  appearance  of  the  electric  spark  when  it 
passes  through  water,  seems  to  show  that  the  light 
is  visible  only,  when  the  electricity  passes  from  one 
body  to  another,  not  by  conduction,  but  through 
elastic  media.  For  the  electric  spark  may  be 
easily  made  visible  in  water.  But  if  we  add.  a 
quantity  of  acid  to  the  water,  it  is  scarcely  possible 
to  make  the  spark  visible  in  such  a  mixture. 
Now,  the  addition  of  an  acid  increases  very  mate- 
rially the  conducting  power  of  water. 

Supposed  to      It  was  an  opinion  maintained  about  twenty  years 

be  owing  to  x  #    * 

tfje  union  of  ago,by  many  eminent  experimenters  in  Germany,  that 
eiectrici-  the  electric  light  is  of  the  same  nature  with  Jire,  and 
that  it  is  formed  by  the  union  of  the  two  electrici- 
ties. This  opinion  appears  to  have  been  first  stated 
by  Winterl;  and,  unless  I  misunderstand  Hitter, 
he  seems  to  have  entertained  the  same  sentiments. 
But  this  opinion,  though  it  appears  at  first  sight 
plausible  ;  and  though  it  would  be  very  convenient 
to  be  able  to  account  so  well  for  the  analogy  which 
obviously  exists  between  fire  and  electricity,  will  not 
But  em>-  bear  a  rigid  examination.  Every  person  who  has 

neously.  i  .  i 

seen  an  electric  spark,  must  be  aware  that  the  pas- 
sage is  so  instantaneous  that  it  is  impossible  to  say 
from  which  point  it  proceeds,  or  to  which  it  goes. 
Jf  the  spark  be  long,  that  is  to  say  if  the  distance 
between  the  two  knobs  between  which  it  passes 
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be  considerable,  the  presence  of  the  two  kinds  of  chap.  ix. 
electricity  may  be  at  once  observed.  Suppose  one 
of  the  knobs  attached  to  the  prime  conductor 
of  an  electrical  machine,  and  the  other  attached  to 
a  conducting  body  connected  with  the  earth — the 
portion  of  the  spark  nearest  the  prime  conductor 
of  the  machine  exhibits  all  the  characters  which, 
distinguish  positive  electricity — while  the  por- 
tion of  the  spark  nearest  the  other  knob,  exhi- 
bits the  characters  of  negative  electricity.  There 
can  be  no  doubt,  therefore,  that  every  spark  is  com- 
posed of  the  two  electricities.  When  two  charged 
bodies  are  placed  within  the  striking  distance,  no 
spark  will  pass  unless  the  one  body  be  charged 
with  positive,  and  the  other  with  negative  electri- 
city. The  two  electricities  are  attracted  towards 
each  other,  advance  at  the  same  instant  from  each 
of  the  charged  bodies,  and  uniting  together  some- 
where between  the  two  knobs,  all  symptoms  of 
electricity  are  at  an  end.  When  a  spark  is  short, 
the  whole  distance  between  the  two  knobs  through 
which  it  passes,  is  equally  illuminated.  But  when 
the  spark  is  long,  those  portions  of  it  which  are  next 
the  knobs,  are  much  brighter  than  towards  the 
centre  of  the  spark.  Near  the  knobs  the  colour 
is  white,  but  towards  the  centre  of  the  spark  pur- 
plish. Indeed,  if  the  spark  be  very  long,  the  mid- 
dle part  of  it  is  not  illuminated  at  all,  or  only  very 
slightly.  Now,  this  imperfectly  illuminated  part  is 
obviously  the  spot  where  the  two  electricities  unite, 
and  it  is  in  consequence  of  this  union,  that  the 
light  is  so  imperfect. 
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ChaP-  IX-  From  all  this,  it  is  sufficiently  obvious  that  both 
the  electricities,  when  in  an  insulated  state,  are  capa- 
ble of  giving  out  a  brilliant  light ;  consequently 
the  electric  spark  cannot  be  owing  to  the  two  elec- 
tricities combining  together.  Who  ever  has  ob- 
served the  passage  of  long  sparks  from  one  body  to 
another,  cannot  but  have  remarked,  that  the  place 
where  the  light  is  the  least,  or  where  there  is  an  in- 
terval of  no  light,  lies  much  nearer  the  negative 
than  the  positive  knob.  In  general,  about  two- 
thirds  of  the  spark  consist  of  positive  electricity, 
and  about  one-third  of  negative  electricity.  The 
cause  of  this  difference  between  the  length  of  the 
two  electricities  in  such  cases,  we  have  no  means  of 
explaining. 


CHAPTER  X. 
OF  ELECTRICITY  INDUCED  BY  HEAT. 


IT  has  been  long  known  that  heat  produces  consid-  ChaP-  x- 
erable  changes  upon  the  conducting  power  of 
various  bodies.  Some  of  the  best  electrics  become 
conductors,  when  heated  sufficiently.  Thus  glass  J^f^es 
when  heated  to  redness,  becomes  a  conductor.*  conductors. 
In  like  manner  resins  when  melted  become  con- 
ductors. Baked  wood  at  the  common  temperature, 
is  a  non-conductor,  but  when  heated  very  hot,  as 
when  just  taken  out  of  the  oven,  it  is  a  conductor. 
Hot  air  is  also  capable  of  conducting  electricity. 
Dr.  Priestley  observed,  that  a  charge  could  not  be 
passed  through  melted  tallow.t  But  there  can  be 
no  doubt  that  it  conducts  much  better  than  cold 
tallow.  In  this  moist  climate  it  becomes  somewhat 
difficult  to  keep  electrical  machines  in  good  order. 
Indeed  in  crowded  rooms  it  is  often  impossible  to 
obtain  sparks  from  &  cylindrical  machine,  or  to 
charge  a  Leyden  jar,  without  certain  attentions, 
which  never  fail  to  obviate  the  difficulties.  The 
cylinder  of  the  electrical  machine,  and  the  uncoated 
part  of  the  Leyden  jar,  should  be  rubbed  over  with 

*  Priestley;  Hist,  of  Electricity,  p.  610.          |  Ibid-  P-  615, 


4/74  OF  ELECTRICITY 

Chap.  x.  tallow.  This  by  preventing  the  glass  from  becoming 
damp  or  moist,  allows  us  to  collect  electricity,  and 
to  charge  a  jar  almost  as  well  in  a  moist  atmo- 
sphere, as  in  a  dry.  Suppose  an  electrical  machine 
thus  covered  with  a  thin  coating  of  tallow,  and  in 
good  working  order.  Bring  it  near  a  fire  and 
allow  it  to  remain  till  the  heat  has  melted  the 
tallow.  It  will  now  be  impossible  to  draw  a  single 
spark  from  it.  Withdraw  it  from  the  fire,  and  allow 
it  to  remain  till  the  tallow  gets  solid  again.  The 
machine  will  now  be  found  in  excellent  working 
order.  These  facts  seem  to  show  that  melted  tallow 
acts  upon  the  glass  cylinder,  precisely  as  moisture 
does,  and  of  course  that  melted  tallow  is  a  much 
better  conductor,  than  solid  tallow. 

Water  is  a  conductor,  and  so  is  ice.*  But,  if  we 
can  put  any  confidence  in  the  experiments  of 
Achard,  ice  when  cooled  down  to — 13°  becomes  a 
non-conductor.  Dr.  Priestley  found  that  snow  is  a 
much  worse  conductor  than  water.t  But  that  may 
be  owing  to  the  air  interposed  among  the  particles 
of  snow. 

From  these  facts,  and  there  are  perhaps  others 
that  might  be  collected,  it  would  appear  that  all 
bodies  become  conductors,  when  sufficiently  heated. 
And  perhaps  all  bodies  would  become  non-conduc- 
tors, if  we  could  lower  their  temperature  sufficiently. 

But  heat  is  not  merely  capable  of  altering  the 
conducting  power  of  bodies  ;  there  are  some  bodies, 
which,  when  heated,  become  charged  with  electricity, 

*  Priestley ;  Hist,  of  Electricity,  p.  609.  f  Ibid.  p.  610. 
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both  positive  and  negative,  and  which  when  thus  chap.  x. 
excited,  retain  their  charge  for  a  considerable  time. 
The  most  remarkable  of  these  bodies  is  the  tourmalin. 

The  tourmalin  is  a  hard  crystallized  mineral, 
which  occurs  in  granite,  and  mica  slate.  It  has 
been  observed  also  imbedded  in  dolomite,  at  St. 
Gothard.  The  primary  form  of  the  crystal  is  an 
obtuse  rhomboid,  but  it  occurs  most  commonly  crys- 
tallized in  three,  six,  or  nine  sided  prisms,  terminated 
sometimes  by  three  sided,  sometimes  by  six  sided 
pyramids,  and  sometimes  by  other  terminations, 
which  are  minutely  described  by  crystallographers. 

This  mineral  seems  to  have  been  known  to  the 
ancients,  and  is  mentioned  by  Theophrastus,  under 
the  name  of  lyncurium  (Xuyxug/ov).*  The  first  modern 
writer  who  notices  it  is  Lemery,  who  had  obtained 
a  specimen  from  Ceylon,  which  he  exhibited  to 
the  members  of  the  French  Academy  under  the 
name  of  a  Magnet.t  He  notices,  though  rather 
inaccurately,  the  property  which  it  has  of  attract- 
ing light  substances  to  it.  It  was  employed  by 
jewellers  for  ornamental  purposes,  and  they  observed 
that  when  heated,  it  acquired  the  property  of  attract- 
ing light  bodies  as  ashes  to  itself;  on  that  account 
it  was  called  by  the  Dutch  aschentrecher,  and  by 
the  Germans  aschenzieher,  (attractor  of  ashes.) 
^Epinus  having  been  informed  of  this  property  by 
Lehman,  naturally  referred  it  to  electricity.  He 
was  fortunate  enough  to  procure  a  tourmalin  of 
considerable  size,  which  enabled  him  to  investigate 

*  Us§t  X/0wx,  c.  50.         t  Histr  de  1'Academie  Royal,  1717,  p.  7. 
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chap>  x.  the  electrical  phenomena  exhibited  by  this  curious 
mineral.  The  result  of  his  observations  was  pub- 
lished in  the  Memoirs  of  the  Berlin  Academy  for 
1756.*  Though  .ZEpinus  discovered  the  electrical 
laws  which  characterize  the  tourmalin,  yet  as  the 
stones  which  he  employed  were  not  in  their  natural 
state,  but  had  been  cut  by  the  jeweller,  it  will  be 
better  to  state  what  takes  place  when  we  make  use 
of  a  tourmalin  in  its  natural  state.t 

Becomes         Le£  us  suppose  a  tourmalin  in  the  form  of  a  nine 

charged  by  x  A 

heating  it.  sided  prism,  terminated  at  one  extremity  by  a  three 
sided,  and  at  the  other  by  a  six  sided  summit. 
This  tourmalin  is  to  be  grasped  about  the  middle 
by  a  pair  of  fine  pincers,  and  then  plunged  into 
boiling  water  or  hot  mercury,  and  kept  in  it  for 
some  minutes,  till  it  has  acquired  the  temperature 
of  the  liquid.  When  taken  out  of  the  water,  pre- 
sent one  of  its  ends  to  a  small  electrometer  already 
charged  with  positive  or  negative  electricity,  one 
of  the  ends  of  the  prism  will  attract  the  electro- 
meter, while  the  other  will  repel  it  ;  showing  that 
its  two  extremities  are  in  different  states  of  elec- 
tricity, the  summit  terminating  in  six  facets  is 
charged  with  positive  electricity,  while  the  summit 
with  three  facets  is  charged  with  negative  elec- 
tricity. If  the  electrometer  be  sufficiently  sensible, 
we  shall  find  that  both  the  electricities  diminish 
rapidly  as  we  pass  from  the  extremity  of  the  prism 

*  Collection  Academique,  xiii.  p.  247. 

t  The  electrical  properties  of  the  tourmalin  have  been  lately 
investigated  with  much  address  by  M.  Bequerel.  See  An.  de 
Chim.  et  de  Phys.  xxxvi.  1 . 
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towards  its  centre,  and  that  the  central  portion  of 
the  prism  is  neutral.  Mr.  Canton  ascertained  that 
these  electric  properties  only  developed  them- 
selves in  the  tourmalin,  when  the  temperature  was 
changing.  This  has  been  confirmed  by  Becquerel. 
When  the  tourmalin  was  at  212°,  the  electricity  Electricity 
was  appreciable.  It  increased  rapidly  while  the 
stone  cooled  down  to  156°,  when  it  was  at  its 
maximum.  From  156°  to  104°  it  remained  nearly 
•tationary,  and  sank  rapidly  from  104°  to  70°,  when 
it  was  nearly  the  same  as  at  212°.  If  we  break 
the  tourmalin  in  two  while  in  this  state  of  excite- 
ment, each  of  the  fragments  will  possess  precisely 
the  electrical  properties  of  the  whole  prism.  This 
fact  was  discovered  by  Canton.  It  is  said  also 
that  if  the  tourmalin  be  very  long,  it  does  not 
acquire  electrical  properties  when  heated ;  but  this 
is  an  experiment  which  I  have  never  had  an  oppor- 
tunity of  trying. 

From  the  experiments  of  .ZEpinus,  it  appears  that 
the  stone  in  order  to  exhibit  the  electrical  pheno- 
mena just  described,  must  be  equally  heated  in 
every  part.  When  unequally  heated,  the  electri- 
city appears,  but  the  poles  are  reversed.  However, 
if  we  deposite  the  tourmalin  upon  an  electric,  it 
soon  assumes  its  natural  state,  the  six  sided  summit 
becoming  positive,  and  the  three  sided  summit 
negative.  Becquerel  has  ascertained  that  if  the  posi- 
tive extremity  of  a  tourmalin  be  heated,  while  the 
negative  extremity  is  kept  cold,  negative  electricity 
is  developed  in  the  positive  end,  while  the  negative 
end  remains  at  zero ;  and  vice  versa. 


478  OF  ELECTRICITY 

chap.  x.  When  the  tourmalin  is  once  excited  by  heat,  it 
retains  its  electricity  for  a  long  time,  if  care  be 
taken  to  place  it  upon  non-conductors.  ^Epinus 
has  found  it  electric  after  an  interval  of  six  hours.* 

Thus  the  tourmalin  possesses  the  characters  of  a 
charged  Leyden  phial,  one  of  its  poles  being  posi- 
tive, the  other  negative.  ^Epinus  showed  that  if 
these  poles  be  coated  with  tinfoil,  they  may  be 
discharged  precisely  in  the  same  way  as  a  Leyden 
phial.  The  great  difference  between  the  charged 
tourmalin  and  the  Leyden  phial,  is  the  method  of 
charging.  In  the  tourmalin,  in  order  to  produce  a 
charge,  we  have  nothing  more  to  do  than  to  apply 
equable  heat.  Can  any  explanation  of  this  curious 
mode  of  charging  be  offered  ? 

If  we  melt  sulphur  in  an  iron  cup,  and  allow  it 
to  cool  after  insulating  the  cup,  we  shall  find  that 
the  sulphur  is  charged  with  negative  electricity, 
and  the  iron  with  positive.  Something  similar  to 
this  must  take  place  in  the  tourmalin.  It  must  be 
composed  of  a  number  of  elements  similar,  as  far 
as  their  electrical  properties  are  concerned,  to  the 
sulphur  and  iron  :  and  it  can  be  shown  that  if  we 
suppose  the  tourmalin  so  constituted,  (since  the 
stone  is  a  non-conductor,)  heat  would  produce  the 
very  electrical  phenomena  which  distinguish  and 
have  given  celebrity  to  this  mineral. 


*  These  facts,  as  stated  by  ^Epinus,  if  accurate,  seem  inconsis- 
tent with  the  statement  of  Canton  and  Becquerel,  that  the  elec- 
tricity isv  only  developed  while  the  stone  is  changing  its  tempera- 
ture. 
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Suppose  we  have  a  number  of  glass  plates  coated  ChaP-  x- 
at  the  centre  on  each  side  with  a  piece  of  tinfoil, 
while  the  rest  of  the  disc  is  covered  with  varnish  to 
prevent  the  bad  effects  of  moisture  upon  the  glass. 
Let  these  plates  be  placed  parallel  to  each  other 
upon  a  non-conducting  body  about  an  inch  asunder, 
and  let  the  contiguous  plates  communicate  with 
each  other  by  means  of  a  slip  of  tinfoil  pasted  on. 
From  the  last  glass  plate  a  chain  passes  communi- 
cating with  the  ground,  while  the  first  plate  com- 
municates with  the  prime  conductor  of  an  electrical 
machine.  By  means  of  this  machine  let  the  plates 
be  charged  with  electricity.  Let  the  apparatus  be 
now  insulated  and  examined.  It  will  be  found 
similar  to  the  tourmalin.  The  end  next  the  elec- 
trical machine  will  be  charged  with  positive  elec- 
tricity, the  end  farthest  off  will  be  charged  with 
negative  electricity,  while  the  central  portion  will 
be  neutral.  Indeed,  neither  the  positive  nor  nega- 
tive electricity  extends  sensibly  beyond  the  4th 
plate  from  either  extremity.  The  24  middle  plates 
are  sensibly  neutral.  If  this  apparatus,  while  thus 
charged,  were  broken  in  two,  we  should  find  that 
both  the  halves  possessed  exactly  the  characters  of 
the  whole  pile.  The  two  extremities  of  each  half 
would  be  charged  with  positive  and  negative  electri- 
city, while  the  central  portion  would  be  neutral. 
Such  a  pile,  therefore,  represents  precisely  the  state 
of  the  excited  tourmalin  ;  and  therefore  serves  to 
throw  light  upon  the  nature  of  that  stone. 

The  tourmalin  is  not  the  only  mineral  which 
acquires    electricity  by   heat.     There  are  several 
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Chftp-  x-  others,  some  of  the  most  remarkable  of  which  it 
will  be  proper  to  enumerate. 

There  is  a  hill  of  sulphate  of  lime,  called  Kalk- 
its  berg,  situated  near  Lunebourg,  in  the  dutchy  of 
°~  Brunswick,  in  which  small  cubic  crystals  are 
found.  These  cubes  are  white,  have  a  specific 
gravity  of  2-566,  and  are  composed  of  two  atoms 
of  boracic  acid  combined  with  one  atom  of  mag- 
nesia. They  are  distinguished  among  mineralogists 
by  the  name  of  boracile.  If  we  examine  the  cubic 
crystals  of  boracite  we  shall  find  that  only  four  of 
the  solid  angles  are  complete,  constituting  alternate 
angles  placed  at  the  extremity  of  two  opposite 
diagonals  at  the  upper  and  lower  surface  of  the 
cube.  The  other  four  solid  angles  are  replaced  by 
small  equilateral  triangles.  When  the  boracite  is 
heated  all  the  perfect  solid  angles  become  charged 
with  negative  electricity,  while  all  the  angles 
replaced  by  equilateral  triangles  become  charged 
with  positive  electricity.  So  that  the  boracite  has 
eight  poles  ;  four  positive  and  four  negative.  These 
are  obviously  the  extremities  of  four  diagonals  con- 
necting the  solid  angles  with  each  other.  One 
extremity  of  each  of  these  diagonals  is  charged 
with  positive,  and  the  other  extremity  with  nega- 
tive electricity.  In  general  the  electricity  of 
boracite  is  not  so  strong  as  that  of  the  tourmalin. 
This  curious  law  of  the  excitability  of  the  boracite 
and  of  its  eight  poles  was  discovered  by  Hauy  in 
1791.* 

t  *if»     *-••*?•   -!fln  <•.  "    *          £      ,     f       .»*     *.  f 

*  Hauy's  Mineralogie,  260,  2d  Edition. 


INDUCED  BY  HEAT.  481 

Axinite,  mesotype,  and  the  silicate  of  zinc,  are  chap.  x. 
also  minerals,  which  become  electric  when  heated, 
and  which,  like  the  tourmalin,  exhibit  two  opposite 
poles,  the  one  positive,  the  other  negative.  It  is 
not  every  crystal  of  axinite  and  mesotype  which 
possesses  this  property  ;  but  those  only  which  are 
destitute  of  symmetry  ;  that  is  to  say,  one  of  whose 
extremities  is  shaped  differently  from  the  other. 
No  doubt  this  remark  applies  also  to  the  silicate  of 
zinc;  though  the  crystals  of  that  mineral  being 
usually  asicular  it  is  not  so  easy  to  determine  by 
observation  the  degree  of  symmetry  which  they 
may  possess. 

The  topaz,  prehnite,  and  the  titaniferous  mineral 
called  sphene,  are  also  capable  of  being  excited  by 
heat,  and  have  two  opposite  poles  like  those  already 
mentioned. 


T. 


CHAPTER  XL 

OF  ELECTRICITY  BY  PRESSURE. 


chap.  xi.  JT  is  natural  to  expect  that  the  dilatation  and  com- 
pression of  the  particles  con  stituting  the  surfaces  of 
bodies  will  have  an  effect  upon  the  development  of 
their  electricity.  This  opinion  was  confirmed  by  an 
observation  of  Hauy,  that  Iceland  spar  and  several 
other  crystallized  minerals,  become  electric  by 
simple  pressure  between  the  fingers.  He  found  the 
same  property  in  several  other  minerals,  though  not 
so  much  marked  as  in  Iceland  spar.  The  topaz, 
euclase,  arragonite,  fluor  spar,  carbonate  of  lead, 
and  rock  crystal,  give  signs  of  electricity  when 
pressed.*  M.  Libes  fixed  an  insulating  handle  to 
a  metal  disc,  and  pressed  it  (holding  it  by  the 
handle)  against  a  piece  of  gummed  taffeta.  The 
taffeta  acquired  positive  electricity,  while  the 
metallic  disc  acquired  negative  electricity.t  The 
effect  increases  with  the  pressure ;  but  it  ceases 
altogether  as  soon  as  the  taffeta  loses  its  glutinosity, 
which  renders  it  easily  compressible. 

*  Hauy ;  Mineralogie ;  i.  188,  2d  edition, 
t  Ann.  de  Chim.  et  de  Phys.  xxii.  5. 
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This  subject  has  lately  engaged  the  attention  of  chap,  xi. 
M.  Becquerel,  who  has  made  a  vast  number  of  ex- 
periments on  different  bodies,  and  has  drawn  this 
general  conclusion  from  them  all. — "  When  two  when  two 
substances,  of  what  nature  soever,  provided  one  ofdies^are0 
them  be  elastic,  are  insulated,  and  pressed  against  become  dil 
each  other — one  of  them  becomes  charged  with  cited* y  e 
positive,  and  the  other  with  negative  electricity. 
But  when  the  compression  is  removed,  these  two 
different  states  cannot  be  observed,  unless  one  of 
the  bodies,  at  least,  be  a  bad  conductor  of  electri- 
city." 

The  mode  chosen  by  Becquerel  to  obtain  these 
results,  was  to  form  the  substances  to  be  tried,  into 
small  discs,  about  one-tenth  of  an  inch  thick,  to  fix 
each  to  a  varnished  glass  rod  by  way  of  handle — to 
take  one  of  these  handles  in  each  hand,  and  squeeze 
the  two  discs  together.  After  separating  them, 
each  disc  is  to  be  presented  to  a  delicate  electrome- 
ter. A  single  pressure  is  sufficient  to  repel  the 
small  disc  of  Coulomb's  electrometer.  But  by 
repeating  the  contacts  any  electrometer  whatever 
may  be  charged.  Suppose,  for  example,  two 
insulated  discs,  the  one  of  cork,  the  other  of  caout- 
chouc. After  the  pressure,  the  cork  has  become 
positive,  and  the  caoutchouc  negative.  When  cork 
is  pressed  against  the  skin  of  an  orange,  it  becomes 
positive,  and  the  orange  skin  negative.  When 
orange  skin  is  pressed  against  caoutchouc  it  becomes 
positive,  while  the  caoutchouc  becomes  negative. 

Iceland  spar,  sulphate  of  lime,  fluor  spar,  sul- 
phate of  barytes,  when  pressed  against  cork,  become 


484  OF  ELECTRICITY 

chap.  XL  positively  electrified,  while  the  cork  becomes 
~  negatively.  But  cyanite  and  retinasphaltum, 
when  pressed  against  cork,  acquire  negative  elec- 
tricity, the  cork  becoming  positive.  In  like  man- 
ner, pitcoal,  amber,  copper,  zinc,  silver,  &c.  when 
pressed  against  an  insulated  disc  of  cork,  become 
negative. 

But  they        When  one  only  of  the  discs  is  insulated  while  the 

must  be  m-  * 

suited,  other  communicates  with  the  ground,  the  insulated 
body  will  have  acquired  after  pressure,  the  electri- 
city belonging  to  it ;  but  the  non-insulated  body 
will  exhibit  no  signs  of  electricity  whatever.  Thus 
an  insulated  disc  of  cork  pressed  against  Iceland 
spar,  selenite,  fluor  spar,  &c.  acquires  negative  elec- 
tricity 5  but  when  pressed  against  copper,  zinc,  and 
other  similar  substances,  it  acquires  positive  elec- 
tricity. Even  fruits,  the  orange  for  example, 
when  gently  pressed  against  an  insulated  disc  of 
cork,  communicate  an  excess  of  positive  electricity. 
In  proportion  as  the  fruit  dries,  the  electric  proper- 
ties of  the  cork  diminish.  When  ripeness  has 
given  the  orange  all  the  elasticity  of  which  it  is  sus- 
ceptible, and  before  the  surface  becomes  moist  from 
decomposition,  then  the  electricity  from  pressure 
is  the  greatest  possible. 

Insulated  cork  pressed  against  any  part  of  the 
animal  body,  provided  it  be  not  moist,  receives  an 
excess  of  negative  electricity.  The  hair  and  down 
of  animals  produce  nearly  as  much  electricity  as 
Iceland  crystal  would  do  ;  but  of  the  contrary 
kind. 

The  imperfect  liquids,  when  compressible,  give 
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analogous   results.     Cork   pressed  lightly  against  ChaP-  XI- 
inspissated  oil  of  turpentine,  acquires  negative  elec- 
tricity. 

It  is  not  necessary  that  the  substances  pressed 
against  each  other  be  of  different  natures  ;  when 
two  discs  composed  of  the  same  materials,  as  skin, 
amadou,  &c.  are  pressed  against  each  other,  the  one 
acquires  negative,  and  the  other  positive  electricity. 

When  electricity  is  thus  evolved  in  bodies  by  Electricity 
pressure,  it  is  preserved  for  a  considerable  time, 


provided  the  bodies  be  non-conductors.  Hauy  Sme.R 
found  that  Iceland  spar  still  gave  signs  of  electricity 
after  an  interval  of  eleven  days.  Sulphate  of 
barytes  of  Royat,  unless  it  be  well  insulated,  parts 
with  the  electricity  evolved  in  it  almost  immediately. 
But  an  insulated  crystal  of  it  exhibited  signs  of 
electricity  after  an  interval  of  half  an  hour.  The 
time  during  which  the  electrical  properties  are  pre- 
served, is  probably  inversely  as  the  conducting 
power  of  the  electrified  body.  This  preservation 
of  electricity  continues  even  though  the  body  be 
surrounded  by  moist  air,  or  even  though  it  be  in 
contact  with  moist  substances.  It  would  appear 
from  this,  that  bodies  rendered  electric  by  pressure, 
are  in  the  same  circumstances  with  a  charged  Ley- 
den  phial.  The  internal  surface  of  the  body  is 
probably  charged  with  the  opposite  electricity  of 
the  external  surface  ;  and  the  action  of  these  oppo- 
site electricities  on  each  other,  prevents  that  on  the 
external  surface  from  being  dissipated. 

As  long  as  the  two  bodies  pressed  against  each 
other  are  in  contact,  neither  of  them  gives  any  symp- 
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Chap.  xi.  toms  of  electricity.  The  better  conductors  they 
are,  the  more  rapidly  they  must  be  separated  from 
each  other,  after  pressure,  in  order  that  each  may 
retain  the  peculiar  kind  of  electricity  which  has 
been  accumulated  in  it  by  the  pressure.  When  a 
disc  of  cork  is  pressed  against  an  orange,  if  we 
separate  the  two  substances  rapidly,  the  cork  will  be 
found  to  possess  a  considerable  excess  of  positive 
electricity.  This  excess  diminishes  the  more  slowly 
the  two  substances  are  separated  from  each  other, 
and  when  we  separate  them  very  slowly,  all  elec- 
trical symptoms  disappear. 

It  would  appear  from  all  this,  that  when  two  sur- 
faces are  pressed  against  each  other,  one  of  them 
always  acquires  an  excess  of  positive  electricity, 
while  the  other  acquires  an  excess  of  negative 
electricity.  These  two  opposite  electricities  just 
neutralize  each  other.  Now,  it  is  a  curious  and 
inexplicable  circumstance,  that  as  long  as  the  pres- 
sure is  kept  up,  even  though  the  two  bodies  pressed 
against  each  other  be  good  conductors,  the  two 
electricities,  though  attracted  towards  each  other, 
never  actually  combine.  But  whenever  the  pres- 
sure is  withdrawn,  unless  the  bodies  be  instantly 
separated  from  each  other,  the  two  electricities 
combine  and  neutralize  each  other  completely,  un- 
less in  the  case  when  at  least  one  of  the  pressed 
bodies  is  a  non-conductor. 

Heat  piays      There  can  be  no  doubt  that  heat  plays  a  consid- 

a  consider-  L       •> 

"  era^^e  Part  m  the  development  of  electricity  by 
pressure.  It  has  been  long  known,  that  the  higher 
the  temperature  of  any  body  is  raised,  the  greater 
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tendency  has  it  to  acquire  negative  electricity  ch«P.  xi. 
when  rubbed  against  any  other  body.  In  the  same 
manner,  when  we  continue  to  elevate  the  tempera- 
ture of  Iceland  spar,  we  at  last  bring  it  into  such 
a  state,  that  it  acquires  negative  electricity  when 
pressed  against  a  disc  of  cork.  If  we  take  a  piece 
of  well  dried  cork,  and  cut  it  in  two  by  means  of  a 
very  sharp  knife,  and  then  press  the  two  cut  surfaces 
against  each  other,  it  frequently  happens  that  how- 
ever hard  the  pressure  be,  and  however  rapidly  we 
separate  the  two  surfaces,  neither  exhibits  any  signs 
of  electricity  after  the  separation.  But  if  we 
slightly  heat  one  of  the  pieces  of  cork,  by  holding 
it  near  the  flame  of  a  candle,  and  renew  the  pres- 
sure, we  shall  find  each  surface  possessed  of  a  dif- 
ferent kind  of  electricity.  Two  pieces  of  Iceland 
spar,  of  the  same  temperature,  do  not  become  elec- 
tric by  pressure,  but  if  one  of  them  be  made  hotter 
than  the  other,  the  electricities  are  immediately 
evolved.  It  is  probable  from  this,  that  when  two 
discs  of  the  same  substance  are  pressed  against 
each  other,  it  is  necessary  that  their  temperatures 
should  differ,  otherways  no  electricity  will  be 
evolved. 

It  would  appear  from  the  experiments  of  M.  £] 
Becquerel  that  the  intensity  of  electricity,  measured  ^portwn 
by  Coulomb's  balance,  is  proportional  to  the  pres-  ^ 
sure.     That  is  to  say,  that  a  double  pressure  will 
produce   a   double   intensity,  a  triple   pressure   a 
triple  intensity,  and  so  on.     The  following  tables 
exhibit  the  intensities  of  electricity  evolved  by  the 
pressure  of  various  bodies  against  each  other.    The 
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Chap,  xi.  intensity  of  pressure  was  measured  by  the  weight 
attached  to  one  end  of  a  balance  forcing  up  the 
other  end  which  produced  the  pressure.* 

Cork  pressed  against  Iceland  spar. 

Pressures. 

1  ... 

2  ... 

3  ... 

4 


Intensity 
of  electricity. 

1-5 
3-4 
5-6 
6 


Cork  pressed  against  polished  sulphate  of  barytes  crystals. 

r-sures.  ofSlciiy. 

1  •  .  1-05 

2  ....  2-1 

3  ....  3-1 

4  .  .             ,             .  4-2 
6  6-3 


Cork  against  polished  rock  crystal. 


Pressure. 


Pressure. 


Cork  against  sulphate  of  lime. 


Intensity 
of  electricity. 

3-9 


Intensity 
of  electricity. 


4  •  .  V;          ,»  1.9 

These  tables  show  also  the  difference  in  the  ab- 
solute quantity  of  electricity  evolved  by  the  same 
extent  of  pressure  applied  to  different  bodies.t 

*  A  detailed  account  of  the  apparatus  illustrated  by  figures,  may 
be  seen  in  the  Ann.  de  Chira.  et  de  Phys.  xxii.  21. 
•f  Ann.  de  China,  et  de  Phys.  xxii.  5. 


CHAPTER  XII. 

OF  ELECTRICITY  BY  CONTACT. 


THIS  branch  of  electricity  originated  from  a  dispute  Chap.xn. 
between  Galvani  and  Volta,  about  the  year  1790. 
Galvani  accidentally  discovered,  that  when  the  hind 
legs  of  frogs,  deprived  of  their  skin ;  but  having 
the  lumbar  nerve  attached  to  them  and  laid  bare, 
are  placed  upon  pieces  of  glass,  the  lumbar  nerve 
being  previously  enveloped  in  a  piece  of  copper  foil; 
if  we  take  a  piece  of  zinc,  and  placing  one  end  of 
it  on  the  muscles  of  the  leg,  we  bring  the  other  in 
contact  with  the  copper  foil,  the  muscles  of  the  mo***  of  * 
limb  are  thrown  into  violent  convulsions.     These a 
convulsions  are  renewed  whenever  the  metals  are 
brought  into  contact  for  a  certain  time  after  death. 
They  cease  when  the  irritability  of  the  muscles  is 
exhausted,   and  this   takes   place   the   sooner  the 
oftener  the  convulsions  are  produced  by  bringing 
the  two  metals  in  contact.     Galvani  ascribed  these  Ascribed  to 
convulsions  to  an  animal  electricity,  which  in  his  eU*tridty. 
opinion  exists  in  all  animals,  and  is  the  cause  of 
muscular  motion.     When  Volta  repeated  the  ex- 
periment, he  was  struck  with  the  necessity  of  two 
metals  for  the  success  of  the  experiment.     He  was 
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chap.xn.  induced,  in  consequence  of  this,  to  ascribe  the  phen- 
TO common  omenon  to  common  electricity,  and  to  affirm  that 
01  y'  when  two  metals  are  placed  in  contact  with  each 
other,  one  acquires  vitreous,  and  the  other  resinous 
electricity.     To   verify  this  opinion,  he  prepared 
two  circular  polished  plates,  the  one  of  copper,  and 
the  other  of  zinc.     To  the  centre  of  each  of  these, 
was  cemented  a  varnished  glass  handle.     The  two 
plates  were  brought  into  contact  by  means  of  these 
handles,  and  separated  so  as  to  preserve  a  parallel 
position  with  respect  to  each  other.     These  were 
made  to  touch  the  plates  of  a  condenser,  the  con- 
tact being  renewed  several  times,  after  touching 
each  plate  to  restore  it  to  a  neutral  state.     It  was 
found  that  the  zinc  possessed  an  excess  of  positive 
electricity,  while  the  copper  possessed  an  excess  of 
negative.     Galvani  did  not  accede  to  this  opinion 
of  Volta.     He  repeated  his  experiments,  and  suc- 
ceeded in  producing  the  convulsions  by  means  of  a 
-single  metal ;  but  only  when  the  energy  of  the  limb 
was  very  great.    Nay,  in  this  last  case,  he  succeeded 
in  producing  the  convulsions,  simply  by  bringing 
other  animal  matters  in  contact  with  the  lumbar 
nerve,  and  the  crural  muscles  of  the  frog.  But  Volta 
answered  these  objections,  by  showing  that  the  small- 
est quantity  of  any  foreign  metal  sufficed  to  enable 
a  single  metallic  plate  to  produce  the  convulsions. 
ilSmeteis      When  zinc  is  brought  into  contact  with  copper 
to°contactn"  or  s^ver>  afid  again  separated  by  means  of  an  insu- 
^ating  handle,  the  zinc  is  found  positive,  and  the 
c°pper  or  silver  negative.     It  is  with  these  metals 
states.        that  the  different  states  of  electricity  after  contact 
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may  be  most  easily  perceived.  If  iron,  or  manga-  Chap.xii. 
nese,  or  even  plumbago*  be  substituted  for  the  zinc  ~ 
plate,  the  result  is  the  same.  I  presume  that  if 
cadmium  were  substituted  for  zinc  it  would  also  be 
found  positive  after  the  separation  of  the  metallic 
plates.  Gold,  platinum,  palladium,  or  even  mer- 
cury, may  be  substituted  for  the  copper  or  silver. 
When  tin  or  lead  is  substituted  for  copper,  the 
different  states  of  the  metals  is  not  easily  recog- 
nised, but  in  this  case  also  the  zinc  is  positive,  and 
the  tin  or  the  lead  negative.  Indeed  there  is  no 
reason  to  doubt  that  no  two  substances  exist  in 
nature  which  would  not  acquire  the  opposite  elec- 
trical state  if  placed  in  contact  and  then  separated 
again.  Though  with  respect  to  many  of  them  the 
differences  probably  would  be  too  small  to  be 
recognised  even  by  means  of  a  condenser. 

A  considerable  number  of  experiments  on  the 
electricity  by  contact  was  made  by  Sir  H.  Davy. 
When  oxalic,  succinic,  benzoic,  or  boracic  acid, 
perfectly  dry,  either  in  powder  or  in  crystals,  are 
touched  upon  an  extended  surface  with  a  plate  of 
copper  insulated  by  a  glass  handle,  the  copper 
becomes  positive,  and  the  acids  negative.  When 
zinc  or  tin  is  substituted  for  copper  the  effect  is 
the  same.  Phosphoric  acid  perfectly  dry,  when 
applied  to  copper  becomes  negative,  and  the  copper 
positive.  When  metallic  plates  are  made  to  touch 
dry  lime,  strontian,  barytes,  or  magnesia,  these 
alkaline  bodies  become  positive,  the  metal  negative. 
With  soda  the  effect  is  the  same.  Potash  attracts 
moisture  so  rapidly  that  the  experiment  cannot  be 
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chap.xn.  tried  with  it.    When  sulphur  is  applied  to  polished 

~~  lead,  or  to  any  other  metal,  it  becomes  positive.* 
Elements        It  has  been  ascertained  that  electricity,  when 
Loosed6"  employed  in  the  way  to  be  described  hereafter,  and 

by  electrici-  ,,  ^    i        -rr    i       •       i 

known  by  the  name  of  the  Voltaic  battery,  is  capa- 
ble  of  decomposing  all  compound  bodies,  and  the 
decomposition  takes  place  according  to  a  particular 
law.  When  two  platinum  wires  attached  to  the 
two  poles  of  the  battery  is  plunged  into  a  vessel  of 
water,  the  water  is  reduced  into  its  elements,  and 
the  oxygen  is  always  extricated  from  the  wire 
attached  to  the  positive  pole,  while  the  hydrogen 
rises  from  the  wire  attached  to  the  negative  pole. 
When  the  wires  are  plunged  into  a  strong  solution 
of  muriatic  acid,  the  chlorine  is  accumulated  round 
the  positive  wire,  and  the  hydrogen  round  the 
negative.  The  law  according  to  which  hydrobro- 
mic  and  hydriodic  acids  are  decomposed  is  the 
same.  The  bromine  and  iodine  are  attracted  to 
the  positive  pole,  while  the  hydrogen  is  attracted 
to  the  negative  pole.  When  chloride  of  sodium  or 
potassium  is  decomposed,  the  chlorine  passes  to 
the  positive  pole,  while  the  sodium  and  potassium 
pass  to  the  negative  pole.  Were  a  compound  of 
sulphur  with  oxygen  to  be  decomposed,  the  oxygen 
would  attach  itself  to  the  positive  pole,  while  the 
sulphur  would  attach  itself  to  the  negative  pole. 
But  with  sulphuret  of  zinc  or  of  iron  the  case  would 
be  different.  The  sulphur  would  collect  round  the 
positive  pole,  and  the  metal  round  the  negative 

*  Phil.  Trans.  1807,  p.  34. 
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pole.     When    salts   are   decomposed,  the   acid   is  chaP.xu. 
attracted  to  the  positive  pole,  and  the  base  to  the 
negative. 

Now  as  bodies  are  attracted  by  those  in  a  diffe- 
rent state  of  excitement  from  themselves,  it  follows 
that  oxygen,  chlorine,  bromine,  and  iodine,  and 
acids,  would  not  be  attracted  to  the  positive  pole, 
unless  they  themselves  were  in  a  negative  state ; 
nor  would  hydrogen  and  bases  be  attracted  to  the 
negative  pole  unless  they  were  in  a  positive  state. 
From  this  it  has  been  concluded  that  bodies  which 
have  an  attraction  for  each  other  are  in  opposite 
states  of  electricity,  and  that  it  is  to  these  opposite 
states  that  their  attraction  for  each  other,  and  their 
union  with  each  other,  is  owing.  The  current  of 
electricity  destroys  their  union  by  bringing  them 
into  the  same  electrical  state.  In  consequence  of 
this  view,  which  is  at  least  exceedingly  ingenious 
and  plausible,  bodies  have  been  divided  into  two 
sets,  those  which  are  negative,  arid  those  which  are 
positive.  The  following  table  exhibits  a  list  of  the 
negative  bodies  beginning  with  those  which  possess 
the  negative  property  in  the  highest  degree,  and 
terminating  with  those  in  which  it  is  lowest. 

Oxygen,  Molybdenum,  Table  of 

J&  J     .  negative  bo- 

Chlorine,  Chromium,  dies. 

Bromine,  Tungsten, 

Iodine,  Boron, 

Sulphur,  Carbon, 

Phosphorus,  Antimony, 

Selenium,  Tellurium, 

Arsenic,  Columbium, 
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Chap.xil.  Titanium,  Silicon. 


The  following  table  exhibits  a  list  of  the  positive 
bodies  beginning  with  the  one  in  which  the  pro- 
^perty  is  weakest,  and  ending  with  the  one  in  which 
it  is  strongest. 

Gold>  Uranium? 

Platinum,  Iron, 

Palladium,  Cadmium, 

Osmium  ?  Zinc, 

Iridium,  Manganese, 

Rhodium,  Aluminum, 

Mercury,  Thorinum, 

Silver,  Yttrium, 

Copper,  Glucinum, 

Nickel,  Magnesium, 

Cobalt,  Calcium, 

Bismuth,  Strontium, 

Tin,  Barium, 

Zirconium,  Lithium, 

Lead,  Sodium, 

Cerium,  Potassium. 

It  is  not  easy  to  decide  where  hydrogen  should 
be  placed.  Compared  with  oxygen  it  is  strongly 
positive.  But  it  combines  with  the  potassium, 
and  must  with  respect  to  it  be  negative.  The 
bodies  nearest  the  head  of  the  first  list  being  most 
powerfully  negative,  and  those  nearest  the  bottom 
of  the  second  list  being  most  powerfully  negative, 
have  the  greatest  chemical  affinity  for  each  other. 
Bodies  in  the  same  list  have  but  little  affinity  for 
each  other,  those  towards  the  bottom  of  the  first 
list  have  but  little  affinity  with  those  towards  the 
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top  of  the  second  list.  However  the  bodies  in  chaP.xn. 
the  same  list  are  not  destitute  of  affinity  for  " 
each.  Thus  sulphur  combines  readily  with  arsenic. 
Because  these  two  bodies  assume  different  states 
with  respect  to  each  other.  When  we  decompose 
sulphuret  of  arsenic,  the  sulphur  is  attracted  to 
the  positive  pole,  and  the  arsenic  to  the  negative ; 
showing  that  the  former  is  in  a  negative  state,  and 
the  latter  in  a  positive.  It  is  for  this  reason  that 
almost  all  the  substances  constituting  the  first  list, 
are  capable  of  uniting  with  each  other  as  well  as 
with  those  of  the  second.  Now  it  deserves  atten- 
tion, that  when  the  bodies  constituting  the  first  list 
unite  with  each  other,  they  constitute  acids  or 
substances  which  act  the  part  of  acids ;  when  they 
combine  with  the  substances  constituting  the  second 
list,  they  constitute  bases  or  substances  which  act 
the  part  of  bases.  All  the  acids  are  combinations 
of  the  negative  bodies  with  each  other,  all  the 
bases  are  compounds  of  the  negative  bodies  with 
the  positive.  I  have  left  out  azote  because  it  is 
not  easy  to  say  where  it  ought  to  stand;  but  it 
belongs  undoubtedly  to  the  class  of  negative  bodies, 
and  should  stand  probably  before  sulphur. 

Hydrogen  I  have  purposely  omitted.  It  con- 
stitutes acids  by  combining  with  the  greater  number 
of  the  negative  bodies ;  but  we  are  ignorant  at 
present  of  any  compound  which  it  forms  with  any 
of  the  positive  bodies,  excepting  with  potassium, 
which  according  to  the  experiments  of  Gay-Lussac 
and  Thenard,  absorbs  hydrogen  gas  and  forms  a 
compound.  But  this  combination  has  not  succeed- 
ed in  the  hands  of  other  experimenters. 


CHAPTER  XIIL 

OF  ELECTRICITY  BY  CHEMICAL  COMBINATIONS. 


Ch.  XIIL  EVER  since  the  discovery  of  the  identity  of  light- 

~  ning  and  electricity,  the  attention  of  electricians 

has  been  turned  to  the  accumulation  of  electricity 

in  the  atmosphere.     And  various  causes  for  such 

an  accumulation  have  been  assigned.     The  opinion 

tto?pora"  °f  Volta  has  been  most  commonly  adopted.  Accord- 
ing to  him  whenever  a  body  changes  its  state,  it 
becomes  electric.  Now  water  is  continually  ascend- 
ing into  the  atmosphere  in  the  state  of  vapour,  or 
falling  from  it  in  the  state  of  rain.  By  these  con- 
tinual changes  of  state,  which  this  fluid  undergoes, 
Volta  supposed  that  the  accumulation  of  electricity 
in  the  atmosphere  was  chiefly  produced.  This 
opinion  was  verified  by  Lavoisier  and  Laplace.  But 
when  Saussure  repeated  the  experiments,  he  was 

^oiveneiec-  unable  to  obtain  any  satisfactory  results.    M.  Pouillet 

tricity.  has  recently  examined  the  subject  with  much  care, 
and  has  found  that  no  sensible  quantity  of  elec- 
tricity is  evolved  when  water  changes  its  state, 
unless  at  the  same  time  some  chemical  action  more 
or  less  vigorous  accompanies  the  change.  But 
whenever  gaseous  two  bodies  unite  with  each 
other,  or  a  gaseous  body  with  a  solid  body,  one  of 
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the  uniting  bodies  always  gives  out  positive  elec-  ch.  xm. 
tricity,  and  the  other  negative  electricity.*  These 
experiments  being  of  great  importance,  both  for 
understanding  the  sources  of  atmospherical  elec- 
tricity, and  for  determining  the  kind  of  electricity 
possessed  by  those  bodies  which  have  a  chemical 
affinity  for  each  other,  it  will  be  worth  while  to 
state  them  somewhat  particularly.  When  charcoal 
is  burnt  it  sometimes  gives  out  positive,  and  some-  Jf 
times  negative  electricity,  and  sometimes  no  elec- 
tricity at  all.  This  depends  upon  the  \yay  in 
which  the  combustion  is  conducted.  To  obtain 
constant  results,  M.  Pouillet  proceeded  in  the 
following  manner.  He  took  a  piece  of  charcoal 
of  such  a  diameter  that  it  could  receive  the  form 
of  a  cylinder  whose  bases  were  nearly  plain.  This 
piece  of  charcoal  was  placed  vertically,  two  inches 
and  a  half,  or  three  inches  below  a  plate  of  brass 
which  rests  upon  one  of  the  discs  of  the  condenser. 
The  charcoal  communicated  with  the  ground,  and 
was  lighted  at  its  superior  base,  taking  care  that 
the  fire  did  not  reach  the  lateral  surface.  A  cur- 
rent of  carbonic  acid  rises  and  strikes  against  the 
plate,  and  in  a  few  minutes  the  condenser  is  charged. 
The  electricity  which  it  receives  from  the  carbonic 
acid  gas  is  always  positive.  If  the  plane  be  allowed 
to  communicate  to  the  sides  of  the  charcoal,  or  if 
it  be  inclined  so  that  the  carbonic  acid  formed  must 
slide  up  along  the  base  of  the  charcoal,  no  sensible 
effect  is  obtained. 

*  Ann.  de  Cbim.  et  de  Phys.  xxxv.  401. 
I.  2  K 
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ch.  xin.  To  obtain  the  electricity  which  the  charcoal 
.  itself  takes  by  combustion,  M.  Pouillet  placed  its 
inferior  end  directly  upon  the  disc  of  the  condenser, 
and  then  lighted  its  superior  base.  In  a  few  minutes 
the  condenser  was  charged  with  negative  elec- 
tricity. From  these  experiments,  we  learn  that 
when  charcoal  is  burnt,  it  becomes  charged  with 
negative  electricity,  while  the  carbonic  acid  evolved 
is  charged  with  positive  electricity.  Now  the 
combustion  of  charcoal  is  the  combination  of  it 
with  oxygen,  so  as  to  constitute  carbonic  acid. 
According  to  Pouillet,  during  this  combination,  the 
oxygen  gives  out  positive  electricity,  which  is 
found  in  the  carbonic  acid  gas,  while  the  charcoal 
gives  out  negative  electricity,  which  is  found  in 
the  portion  of  the  charcoal  not  yet  burned.  Now 
when  the  carbonic  acid  gas  is  again  decomposed 
into  its  elements,  the  oxygen  takes  back  positive 
electricity,  and  the  carbon  negative  electricity.  Is 
not  this  the  reason,  why  the  oxygen  gas  is  attracted 
towards  the  positive  pole  of  the  Voltaic  battery, 
while  the  carbon  is  attracted  to  the  negative  pole  ? 
^ie  ^ame  of  hydrogen  gave  contradictory  results 
with  respect  to  its  electricity,  as  had  been  the  case 
also  at  first  with  charcoal.  In  the  course  of  a  few 
minutes  it  gave  indications  both  of  positive  and 
negative  electricity ;  very  intense  and  very  weak 
indications,  and  often  it  was  impossible  to  obtain 
any  indication  at  all.  But  these  difficulties  were 
at  length  overcome  by  M.  Pouillet  in  the  following 
manner. 

The  hydrogen  gas  was  made  to  flow  out  of  a 
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glass  tube.  The  flame  was  vertical,  having  a Ch- X1IL 
breadth  of  4  or  5  lines,  and  a  height  of  about  three 
inches.  A  coil  of  platinum  wire  was  employed  to 
conduct  the  electricity  from  the  flame  to  the  con- 
denser. When  this  coil  was  so  much  larger  than 
the  flame  as  to  enclose  it,  and  to  be  distant  from 
its  external  surface  about  4  inches,  signs  of  positive 
electricity  make  their  appearance.  These  signs 
become  more  and  more  intense  as  the  distance 
diminishes.  But  when  the  coil  becomes  so  small 
as  to  touch  the  flame,  the  electrical  signs  become 
weak  and  uncertain.  Thus  it  appears  that  round 
the  flame  of  hydrogen,  there  is  a  sort  of  atmosphere 
at  least  4  inches  in  thickness,  which  is  always 
charged  with  positive  electricity. 

If  a  very  small  coil  of  platinum  wire  be  placed 
in  the  centre  of  the  flame,  in  such  a  manner,  that  it 
is  enveloped  on  all  sides  ;  and  made  to  communicate 
with  the  condenser,  that  instrument  becomes  imme- 
diately charged  with  negative  electricity.  Thus  it 
appears  that  the  outside  of  the  flame  of  hydrogen 
gas  is  always  charged  with  positive  electricity,  and 
the  inside  with  negative  electricity.  It  follows 
from  this,  that  there  is  a  layer  of  the  flame  where 
the  electricity  is  insensible.  Accordingly  if  we 
regulate  the  coil  in  such  a  manner  that  it  penetrates 
nearly  one-half  into  the  bright  part  of  the  flame, 
all  electrical  indications  disappear. 

From  these  experiments,  it  appears  that  the  elec- 
tricity evolved  during  the  combustion  of  hydrogen, 
is  quite  similar  to  what  appears  during  the  com- 
bustion of  charcoal.  The  oxygen  before  it  enters 
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ch.  xiii.  into  combination  is  charged  with  positive,  and  the 
hydrogen  with  negative  electricity.  Oxygen  then 
must  part  with  positive  electricity  when  it  com- 
bines with  hydrogen,  and  hydrogen  must  part  with 
negative  electricity  when  it  combines  with  oxygen. 

If  instead  of  making  the  hydrogen  gas  flow  out 
of  a  glass  tube,  we  make  it  flow  out  by  a  tube  of 
metal,  which  does  not  communicate  with  the  ground, 
but  only  with  the  condenser,  this  metal  tube  which 
touches  the  hydrogen,  but  not  the  flame,  always 
becomes  charged  with  negative  electricity.  But  if 
it  communicate  with  the  ground  it  loses  the  nega- 
tive electricity,  which  it  had  lately  carried  to  the 
condenser,  and  the  product  of  the  combustion 
preserves  an  excess  of  positive  electricity. 

If  we  examine  at  a  height  of  a  few  inches  above 
the  vertical  flame,  we  find  both  the  electricities  in 
the  same  quantity  and  not  recomposed.  For  if  we 
present  a  soldered  plate  of  zinc  and  copper,  the 
zinc  plate  attracts  the  negative,  and  the  copper 
plate  the  positive  electricity.  When  we  go  to  a 
distance  sufficiently  great  above  the  vertical  flame, 
the  electrical  fluids  can  no  longer  be  recognised, 
because  they  have  combined  and  neutralized  each 
other. 

Pouillet  examined  the  flames  of  alcohol,  ether, 
wax,  oils,  fat,  and  many  vegetable  bodies.  The 
flames  of  all  these  bodies  presented  the  same  phe- 
nomena as  that  of  hydrogen.  That  is  to  say,  that 
a  zone  of  air  surrounding  the  flame  was  electrified 
plus,  while  the  interior  of  the  flame  was  electrified 
minus*  All  these  combustions  exhibit  examples  of 
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oxygen  uniting  with  hydrogen  and  carbon.     The  Ch.  xiii. 
oxygen   gives   out   positive   electricity,   while  the 
combustible  body,  whether  hydrogen  or  carbon,  or 
a  compound  of  the  two,  gives  out  negative  elec- 
tricity. 

It  has  been  ascertained  by  the  experiments  of 
Priestley,  Ingenhousz,  Sennebier,  Saussure,  &c. 
that  plants  while  vegetating  act  upon  atmospheri- 
cal air ;  sometimes  forming  a  great  quantity  of 
carbonic  acid  which  disengages  itself  insensibly, 
and  sometimes  on  the  other  hand  giving  out  oxygen 
gas  in  a  state  of  greater  or  less  purity.  Now  it 
appears  from  the  preceding  experiments,  that  when 
carbonic  acid  is  formed  by  combustion,  it  is  elec- 
trified plus.  This  led  M.  Pouillet  to  suspect  that 
the  carbonic  acid  given  out  during  the  processes  of 
vegetation,  would  be  in  the  same  predicament. 
To  determine  this  point,  he  made  the  following 
experiment. 

Twelve  glass  capsules,  about  8  inches  in  diameter,  And  by  ve- 

.  '  getation. 

were  coated  externally  for  two  inches  round  the 
lips  with  a  film  of  lac  varnish.  They  were  arranged 
in  two  rows  beside  each  other,  either  by  placing 
them  simply  on  a  table  of  very  dry  wood,  or  by 
putting  them  on  a  table  previously  varnished  by 
gum  lac.  They  were  filled  with  vegetable  mould, 
and  were  made  to  communicate  with  each  other  by 
metallic  wires  which  passed  from  the  inside  of  the 
one  to  the  inside  of  the  other,  going  over  the  edges 
of  the  capsules.  Thus  the  insides  of  the  12  cap- 
sules, and  the  soil  which  they  contained,  formed 
only  a  single  conducting  body.  One  of  these  cap- 
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ch.  xni.  sules  was  placed  in  communication  with  the  upper 
plate  of  a  condenser  by  means  of  a  brass  wire  ; 
while  at  the  same  time  the  under  plate  was  in  com- 
munication with  the  ground.  Things  being  in  this 
situation,  and  the  weather  very  dry,  a  quantity  of 
corn  was  sown  in  the  soil  contained  in  the  capsules, 
and  the  effects  were  watched.  The  laboratory  was 
carefully  shut,  and  neither  fire,  nor  light,  nor  any 
electrified  body,  was  introduced  into  it. 

During  the  two  first  days  the  grains  swelled,  and 
the  plumula  issued  out  about  the  length  of  a  line, 
but  did  not  yet  make  its  appearance  above  the 
surface  of  the  earth.  But  on  the  third  day  the 
blade  appeared  above  the  surface,  and  began  to 
incline  to  the  window  which  was  not  provided  with 
shutters.  The  condenser  was  now  charged  with 
negative  electricity.  Consequently  the  carbonic 
acid  gas,  which  disengages  itself  during  the  germi- 
nation of  seeds,  is  charged  with  positive  electricity, 
and  is  therefore  precisely  in  the  same  state  as  the 
carbonic  acid  gas  formed  by  combustion.  This 
experiment  was  several  times  repeated  with  success. 
But  the  electricity  cannot  be  recognised  unless  the 
weather  be  exceedingly  dry,  or  unless  we  dry  the 
apartment  artificially  by  introducing  substances 
which  have  the  property  of  absorbing  moisture. 

These  capsules  being  insulated,  and  the  air  being 
very  dry,  and  the  soil  so  dry  that  it  is  an  imperfect 
conductor,  it  is  evident  that  the  electricity  would 
be  retained.  Accordingly  when  the  condenser 
was  brought  into  a  natural  state  after  one  observa- 
tion, and  if  it  was  then  replaced  for  experiment 
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only  during  one  second,  it  was  found  to  be  charged  Ch-  XIIL 
with  electricity. 

It  is  obvious  enough  that  the  gaseous  fluids 
given  out  by  plants  during  the  processes  of  vegeta- 
tion, being  charged  with  electricity,  must  contri- 
bute to  furnish  no  inconsiderable  portion  of  the 
electricity  with  which  the  atmosphere  becomes 
loaded.  No  doubt  the  carbonic  acid  gas  evolved 
from  animals  by  respiration  is  also  charged  with 
positive  electricity  ;  though  it  would  be  somewhat 
difficult  to  determine  the  point  by  actually  charging 
a  condenser  in  consequence  of  the  moisture  with 
which  the  expired  air  is  always  loaded.* 

*  The  reader  may  consult  with  advantage  an  elaborate  and 
most  ingenious  set  of  experiments  by  Sir  H.  Davy,  to  establish 
his  own  views,  which  are  rather  inconsistent  with  those  of  Pouillet, 
in  Phil.  Trans.  1826,  p.  398. 


CHAPTER  XIV. 

OF    GALVANISM. 


ch.  xiv.  JF  we  take  a  number  of  thin  plates  of  glass,  and 
cover  the  under  surface  of  each  with  a  thin  coating 
of  zinc,  and  the  upper  surface  with  an  equally  thin 
coating  of  silver  or  copper,  and  if  we  place  these 
discs  above  each  other  in  a  determinate  order; 

Electricity  namely,  the  zinc  side  of  each  always  undermost, 

by  contact  i      i  .1 

of  two  me- and  the  silver  or  copper  side  always  uppermost, 
slight  electrical  effects  will  be  produced,  which 
increase  in  intensity  as  we  augment  the  number  of 
discs  of  glass.  When  two  of  these  discs  are  laid 
upon  each  other  the  silver  coating  will  be  electrified 
minus,  and  the  zinc  coating  plus.  The  undermost 
side  of  the  second  glass  disc  will,  therefore,  be  in  a 
state  of  positive  excitement.  It  will  therefore  expel 
positive  electricity  from,  and  attract  negative  elec- 
tricity to,  the  upper  side  of  the  disc  which  is  coated 
with  silver.  Suppose,  now,  another  glass  disc 
similarly  coated  to  be  applied.  The  silver  side  of 
the  second  disc  is  minus  before  the  application  of 
the  new  disc.  The  zinc  coating,  in  consequence, 
will  become  more  positive  than  the  zinc  coating  of 
the  second  disc.  Hence  the  upper  side  of  this 
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third  disc  will  be  more  negative  than  was  that  of  Ch-  X1V- 
the  upper  side  of  the  second  disc.  It  is  easy  to  see 
how  the  charge  increases  in  intensity  with  the 
number  of  discs.  The  apparatus  is  analogous  to  the 
electrophorus  or  the  condenser.  The  quantity  of 
electricity  thus  disengaged  is  extremely  small,  and 
it  does  not  become  sensible  till  the  discs  of  glass 
amount  to  thirty  or  forty.  The  opposite  sides  of 
every  glass  are  in  different  electrical  states,  arid  the 
quantity  of  disengaged  electricity  in  each  increases 
with  their  number.  If  we  bring  the  two  sides  of 
each  disc  in  contact  by  means  of  a  wire,  the  equili- 
brium is  instantly  restored,  and  some  time  elapses 
before  the  discs  become  again  charged.* 

If  instead  of  glass,  which  is  a  non-conductor 
electricity,  we  employ  an  imperfect  conductor,  as  a  PaPer- 
leaf  of  paper,  similar  electrical  phenomena  make 
their  appearance.  Suppose  we  take  round  pieces 
of  paper  of  the  size  of  half  a  crown,  silvered  on  the 
one  side  by  the  application  of  very  thin  zinc  leaf 
and  gilt  on  the  other  by  means  of  Dutch  leaf, 
and  pile  them  above  each  other  so  that  the  silvered 
side  of  each  shall  be  always  undermost,  we  obtain 
an  apparatus  which  will  exhibit  electrical  pheno- 
mena. The  method  is  to  put  the  paper  discs  within 
a  glass  cylinder,  and,  at  least,  a  couple  of  thousand 
paper  discs  must  be  employed,  so  as  to  fill  the  glass 
cylinder  completely  from  top  to  bottom.  The 
extremities  of  the  glass  cylinder  are  shut  by  plates 

*  See  Jaeger's  experiments  witli  this  pile,   Gilbert's  Annalen, 
xlix.  64. 
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ch.xiv.  Of  brass  directly  in  contact  with  the  paper  discs, 
~  and  provided  with  metallic  buttons.  The  button 
at  the  zinc  end  of  the  cylinder  is  always  in.  the 
state  of  positive  electricity,  while  the  button  at  the 
copper  end  of  the  cylinder  is  in  the  state  of  nega- 
tive electricity.  This  kind  of  apparatus  was  first 
constructed  by  De  Luc,  and  afterwards  by  Zam- 
boni,  and  they  have  been  constructed  in  different 
ways ;  though,  as  the  theory  is  the  same  in  all,  it 
seems  unnecessary  here  to  enter  into  minute  details. 
The  paper  in  these  piles  takes  the  place  of  the 
discs  of  glass  in  the  former  pile.  Now  as  paper  is 
an  imperfect  conductor,  if  we  discharge  the  electri- 
city, by  bringing  the  top  and  bottom  of  the  pile  in 
contact  by  means  of  a  wire,  the  charge  is  very 
speedily  renewed  when  the  wire  is  withdrawn, 
Two  of  these  piles  are  usually  placed  at  a  small 
distance  from  each  other,  and  so  that  the  positive 
pole  of  the  one  corresponds  with  the  negative  pole 
of  the  other.  A  very  light  and  insulated  needle 
suspended  in  equilibrium  upon  a  very  moveable 
axis  between  these  two  poles,  oscillates  continually 
between  them.  The  piles  discharge  their  electri- 
city by  means  of  this  needle,  which  is  in  conse- 
quence attracted  alternately  by  the  one  and  the 
other.  De  Luc  placed  a  small  bell  between  the  two 
piles,  which  was  struck  by  small  metal  balls  sus- 
pended between  the  pole  of  the  piles  and  the  bell. 
These  small  balls,  being  alternately  attracted  and 
repelled,  kept  striking  the  bell,  which  thus  conti- 
nued for  a  long  time  continually  ringing.  Some- 
times it  stopped  suddenly ;  but  after  a  certain 
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interval  it  began  again,  and  the  bell  kept  ringing  CH.XIV. 
as  before. 

These  piles  continue  to  act  for  several  months  ; 
but  they  finally  lose  their  activity  ;  owing  probably 
to  a  change  induced  into  the  state  of  the  metallic 
coatings  of  the  paper.  Even  before  they  finally 
become  inactive,  their  intensity  varies  with  the  tem- 
perature, and  the  moisture  or  dry  ness  of  the  air. 

When  the  paper  of  which  these  piles  are  con- 
structed is  made  perfectly  dry,  their  intensity  is  very 
much  diminished,  obviously  because  dry  paper  is  a 
non-conductor  of  electricity.  The  consequence  is, 
that  when  the  electricity  is  discharged,  a  consider- 
able time  elapses  before  it  accumulates  again.  But 
Dr.  Jaeger  found  that  when  the  temperature  was 
raised  to  104°,  or  as  high  as  140°,  the  pile  begins 
again  to  act  as  well  as  ever.*  We  must  conclude  from 
this,  that  dry  paper  while  cold,  is  a  non-conductor 
of  electricity,  but  that  it  becomes  again  a  conduc- 
tor, when  heated  up  to  104°  or  140°.t 

If,  instead  of  solid  non-conductors,  or  demi-con- 
ductorSj  we  employ  liquid  bodies  which  conduct 
electricity,  the  energy  of  the  pile  is  prodigiously 
increased.  A  pile  constructed  in  this  way,  consti- 
tutes the  pile  of  Volta — and  it  must  be  ranked 
among  the  greatest  discoveries  of  modern  times.  It 
has  not  only  added  greatly  to  our  knowledge  of 

*  Gilbert's  Annalen  der  Physik,  xlix.  47. 

•f  The  reader  who  is  interested  in  the  investigation  of  these  dry 
piles,  as  they  have  been  called,  may  consult  Gilbert's  Annalen  der 
Physik,  vol.  xlix.  in  which  both  the  papers  of  De  Luc  and  Zamboii, 
and  the  investigations  of  Jaeger,  are  to  be  found. 
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ch.  xiv.  electricity,  but  has  contributed  in  a  surprising  de- 
gree to  the  extension  and  perfection  of  chemical 
science.  If  we  compare  the  state  of  chemistry  be- 
fore the  discovery  of  the  Voltaic  pile  with  its 
present  aspect,  we  cannot  but  be  astonished  at  the 
difference — and  this  difference  is  in  a  great  measure 
owing  to  the  discoveries  made  by  means  of  this  new 
instrument  of  investigation. 

I  have  already  in  a  preceding  chapter,  given  an 
account  of  the  controversy  between  Galvani  and 
Volta,  which  led  to  the  discovery  of  the  pile.  As 
it  was  originally  constructed  by  Volta,  it  consisted 
of  a  number  of  round  pieces  of  zinc,  and  silver,  or 
copper,  each  about  the  size  of  half  a  crown.  There 
were  as  many  pieces  of  pasteboard,  as  there  were  of 
zinc,  of  the  same  round  shape,  but  a  little  smaller 
size  than  the  metal  discs.  These  pieces  of  paste- 
board were  soaked  in  an  aqueous  solution  of  com- 
mon salt,  which  is  a  better  conductor  of  electricity 
than  pure  water.  These  pieces  of  metal  and  moist 
card  were  piled  upon  each  other  in  the  following 
order.  Zinc,  silver,  moist  card  ;  zinc,  silver,  moist 
card,  &c.  always  observing  the  same  order,  till  all  the 
pieces  be  piled  upon  each  other.  The  card  should 
not  be  so  much  soaked  with  liquid,  that  the  weight 
of  the  plates  laid  above  it  will  be  sufficient  to 
squeeze  it  out,  and  cause  it  to  run  down  the  pile. 
Because  in  that  case,  it  would  insinuate  itself  be- 
tween the  zinc  and  silver  discs,  which  has  a  sur- 
prising effect  in  diminishing  the  efficacy  of  the  pile. 
In  such  a  pile,  the  uppermost  plate  is  silver,  and 
the  undermost  is  zinc.  The  intensity  of  the  elec- 
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trical  phenomena  increases  with  the  number  of  Ch- XIV- 
pairs  of  plates  ;  but  they  become  sensible  when  the 
pairs  of  plates  amount  to  about  a  dozen.  The  zinc 
extremity  of  such  a  pile  is  charged  positively,  and 
the  silver  or  copper  extremity  negatively.  If  these 
two  extremities  be  brought  into  contact  by  means 
of  a  conducting  substance,  a  metallic  wire  for 
example,  a  current  of  electricity  sets  through  the 
wire,  and  continues  to  pass  through  it  as  long  as 
the  pile  retains  its  activity.  Electric  sparks  may 
be  taken,  and  a  Leyden  jar  may  be  charged  by 
such  a  pile,  precisely  as  by  an  electrical  machine ; 
though  only  to  a  low  degree  of  intensity.  If  we 
moisten  the  finger  of  each  hand,  and  apply  them 
thus  wet  to  the  two  extremities  of  the  pile,  at  the 
instant  of  contact  we  feel  a  shock  ;  the  intensity  of 
which  increases  with  the  number  of  pairs  of  plates 
of  which  the  pile  is  composed.  As  long  as  the 
fingers  are  kept  in  contact  with  the  poles  of  the 
pile,  we  feel  no  sensation  of  pain,  unless  a  portion 
of  the  cuticle  be  rubbed  off,  or  any  part  of  the  finger 
wounded,  in  which  case  we  become  sensible  of  a 
burning  sensation  in  the  wounded  part,  which 
becomes  more  and  more  painful  according  to  the 
number  of  plates,  and  the  degree  of  activity  of  the 
pile.  If  we  touch  the  negative  end  of  the  pile  with 
a  wet  finger,  and  bring  a  platinum  or  gold  wire 
from  the  positive  end  in  contact  with  the  tongue, 
we  become  sensible  of  a  strong  acid  taste.  If  the 
wire  from  the  negative  end  be  placed  in  contact  with 
the  tongue,  while  we  touch  the  positive  pole  with 
a  wet  finger,  we  become  sensible  of  a  strong  burn- 
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ch.xiv.  ing  or  alkaline  taste.  In  the  same  manner,  we 
become  sensible  of  light,  when  the  electric  current 
is  made  to  pass  through  the  eye,  or  to  approach  the 
nerves  distributed  to  the  eye. 

Such  were  the  phenomena  observed  by  Volta, 
the  inventor  of  the  pile,  and  described  by  him  in 
his  first  paper  on  the  subject.*  The  chemical 
effects  were  first  observed  by  Messrs.  Nicholson  and 
Carlisle.  Before  giving  an  account  of  them,  it 
may  be  proper  to  explain  the  various  modifications 
which  Volta's  pile  underwent  in  the  hands  of  che- 
mical experimenters. 

^ne  ^rs^  imProvement  was  made  by  Mr.  Cruik- 
shanks  of  Woolwich.  The  object  of  it  was  to 
facilitate  the  construction  of  the  pile.  He  employed 
square  plates  of  zinc  and  copper,  each  about  four 
inches  long,  and  as  much  in  breadth.  These  plates 
were  soldered  together  two  and  two ;  and  cemented 
in  a  trough  of  wood,  by  means  of  pitch,  or  any  non- 
conducting substance  with  which  the  inner  side  of 
the  trough  was  covered.  These  soldered  plates  of 
zinc  and  copper  were  placed  all  in  the  same  way  in 
the  trough  ;  that  is  to  say,  the  zinc  sides  were  all 
turned  towards  one  end  of  the  trough,  and  the  cop- 
per sides  towards  the  other  end.  These  plates  were 
cemented  into  the  trough,  at  the  distance  of  about 
a  quarter  of  an  inch  from  each  other,  thus  dividing 
the  trough  into  as  many  separate  cells  as  there  were 
pairs  of  plates.  To  make  the  trough  fit  for  action, 
nothing  more  was  necessary  than  to  fill  the  cells 

*  Phil.  Trans.  1800.  p.  403. 
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with  the  liquid  destined  to  act  as  a  conductor.     It  ch.xiv. 
is  evident,  that  such  a  trough  would  act  the  part  of 
Volta's  pile  ;  and  that  the  end  of  it  terminated  by 
the  zinc  plate  would  be  positive,  while  that  termi- 
nated by  the  copper  plate  would  be  negative. 

It  was  soon  observed,  that  the  energy  of  such  a 
trough  did  not  depend  upon  the  extent  of  surface 
in  which  the  copper  and  zinc  plates  touched  each 
other;    but  upon  the  extent  of  surface  of  these 
plates  in  contact  with  the  liquid.     It  was  sufficient 
if  the  zinc  and  copper  plates  touched  each  other  in 
a  single  point,  provided  these  plates  were  them- 
selves plunged  into  the  liquid,  so  that  a  copper 
plate  should  always  be  exactly  opposite  to  a  zinc 
plate  in  the  same  cell,  without  the  two  plates  touch- 
ing each  other  in  any  part.     Hence,  instead  of  sol- 
dering the  zinc  and  copper  plates  together,  it  was 
found  sufficient  to  allow  a  small  ribbon  of  copper  to 
issue  from  the  summit  of  each  copper  plate.     This 
ribbon  was  soldered  to  the  top  of  the  zinc  plate.  A 
section  of  two  such  plates,  is  here  represented, 
in  which  z  is  the  zinc  plate,  and  c  the  cop- 
per, while  3  represents  the  ribbon  of  copper 
by  which  the  two  plates  are  soldered  to- 
gether.     The  wooden  trough  was  divided 
into  cells,  by  cementing  into  it,  at  regular 
distances,  as  many  plates  of  glass,  or  var- 
nished wood,  as  there  were  plates  of  zinc  and 
copper   cemented   together.      The    trough 
thus  prepared,  was  filled  with  the  liquid  intended 
to  act  as  a  conductor.     The  metallic  plates  were 
then  slipped  in,  taking  care  that  all  the  zinc  plates 
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ch.  xiv.  Were  turned  the  same  way,  and  that  each  pair  was 

~~  separated  from  each  other  by  the  glass  or  wooden 

diaphragm  which  divided  the  trough  into  its  various 

compartments.  The 
figure  in  the  margin 
represents  a  section 
of  a  small  portion  of 
3  such  a  trough,  in 
which  the  middle  line 
in  each  trio  represents 
the  glass  plates  which 

divide  the  trough  into  different  cells,  while  cz,  &c. 
represent  eight  pairs  of  the  cemented  metallic  plates 
slipped  over  the  glass  diaphragms,  so  that  there  is  a 
zinc  plate  in  every  cell,  exactly  opposite  to  the  cor- 
responding copper  plate  ;  each  a  certain  distance 
from  the  other.  The  zinc  plates  are  all  turned  the 
same  way.  At  the  extremities  of  the  trough,  there 
was  a  cell  filled  with  the  conducting  liquid,  and 
containing  only  one  metallic  plate.  The  extremity 
at  which  this  plate  was  zinc  constituted  the  posi- 
tive end  of  the  trough.  The  other  extremity  into 
the  last  trough  of  which  a  copper  plate  plunged  was 
the  negative  extremity.  There  was  usually  a  piece 
of  wood  fixed  at  each  extremity  of  the  trough, 
with  a  small  hole  in  it  for  the  introduction  of  a  wire, 
in  order  to  make  the  two  extremities  of  the  trough 
communicate  with  each  other,  which  is  necessary 
for  bringing  the  trough  into  action. 

When  the  size  of  the  metal  plates  is  considerable, 
four  inches  square,  for  example,  if  the  trough  con- 
tains a  considerable  number  of  pairs,  50  or  100  for 
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example,   it  becomes    so  heavy   as  to   be   almost 
unmanageable.     To  obviate  this  inconvenience  the 
troughs  are  now  made  of  porcelain,  and  of  such  a 
size  that  each  trough  is  divided  into  ten  separate 
cells,  by  means  of  porcelain  divisions  in  the  trough. 
The  figure  in  the  mar- 
gin represents  the  sur- 
face of  such  a  trough, 
viewed  from  above,     c 
c  c,  &c.  represents  the  different  cells  into  which  the 
trough  is  divided  by  the  porcelain  diaphragms  intro- 
duced into  trough.     The  ten  pairs  of  plates  belong- 
ing to  each  trough  are 
properly   screwed    to  a 
small  rectangular  piece 
of     wood     sufficiently 
strong  to  support  them, 
as    represented   in    the 
margin.     The  piece  of 
wood  to  which  the  plates 
are  screwed  is  well  dried 
and  then  varnished,  in 
order  to  be  rendered  a  non-conductor  of  electri- 
city.    The  plates  are  so  screwed  into  the  wood 
that  a  plate  of  zinc  and  a  plate  of  copper  can  be 
introduced   into   the   same   cell   at   the    requisite 
distance,  and  exactly  opposite  to  each  other.  These 
two  plates  communicate  only  by  means  of  the  con- 
ducting liquid  into  which  they  are  plunged. 

A  little  reflection  is  sufficient  to  show  that  the 
energy  of  each  pair  of  plates  depends  upon  the 
extent  of  surface  of  the  two  metals  exactly  opposite 

i.  2  L 
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ch.  xiv.  to  each  other,  and  separated  by  the  conducting 
surface.     When  a  single  plate  of  zinc  is  introduced 
into  a  trough,  and  a  single  plate  of  copper  is  placed 
opposite  to  it  of  exactly  the  same  size,  it  is  obvious 
that  only  one  of  the  sides  of  the  zinc  plate,  and  one 
of  the  sides  of  the  copper  plate,  exert  their  energy. 
The  other  sides  of  both  plates  are  totally  ineffica- 
cious.    Now  it  will  be  seen  afterwards  that  when 
such  troughs  are  in  activity  it  is  the  zinc  plate 
which  is  wasted  and  not  the  copper.     But  both 
sides  of  the  zinc  plate  dissolve.     Thus  when  the 
trough  is  constructed  in  the  way  now  described  the 
consumption  of  the  zinc  is  twice  as  great  as  its 
energy.     To  remedy  this  defect  the  copper  plate 
is  made  to  go  round  the  zinc  plate,   so  as  to  be 
opposite  to  it  at  a  certain  distance.     By  this  con- 
trivance the  two  surfaces  of  the  zinc  are  brought 
into  action.    This  doubles  the  energy  of  the  trough 
without  much  increasing  the  consumption  of  the 
zinc. 

Morichini  has  shown  that  the  energy  of  the  appa- 
ratus increases  in  proportion  as  the  surface  of  the 
electro-negative  metal  is  extended.  This  metal 
may,  he  says,  be  sextupled  with  always  an  increas- 
ing energy ;  beyond  that  point  the  rate  at  which 
the  energy  increases  is  slower.* 

Such  is  the  present  state  of  the  galvanic  appara- 
tus. The  porcelain  troughs  are  exceedingly  con- 
venient, and  would  be  preferable  to  every  other 
form  of  the  apparatus  were  it  not  for  a  circumstance 

*  Berzelius,  Traite  de  Chimie,  i.  138. 
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of  very  considerable  importance  to  the  experi-  ch.xiv. 
menter.  The  cells  are  so  large  that  the  quantity 
bf  liquid  necessary  to  fill  them  is  very  considerable, 
and  the  expense  of  this  liquid,  when  the  number 
of  troughs  is  considerable,  becomes  so  great  as 
greatly  to  limit  the  power  of  experimenting  with 
such  an  apparatus.  I  have  a  galvanic  battery 
consisting  of  four  hundred  pairs  of  zinc  and  copper 
plates,  each  4  inches  square.  These  are  placed  in 
40  porcelain  troughs,  each  of  which  holds  200 
cubic  inches,  so  that  the  40  troughs  require  8000 
cubic  inches  which  amounts  to  nearly  29  imperial 
gallons  of  277*274"  cubic  inches  each.  So  that 
somewhat  more  than  a  gallon  of  concentrated 
nitric  acid  is  required  to  charge  the  battery  suffi- 
ciently high.  I  generally  employ  about  a  gallon  of 
nitric  acid  of  the  specific  gravity  1*3,  and  half  a 
gallon  of  strong  sulphuric  acid  diluted  with  the 
requisite  quantity  of  water  to  fill  the  troughs. 

Dr.  Hare,  professor  of  chemistry  at  Philadelphia, 
has  contrived  a  new  modification  of  the  galvanic 
apparatus.  He  takes  two  plates,  one  of  copper  and 
the  other  of  zinc,  and  placing  a  disc  of  leather 
between  the  two,  he  rolls  them  up  in  the  form  of 
a  spiral.  The  leather  disc  is  now  removed,  and 
the  two  metals  are  prevented  from  touching  each 
other  by  interposing  slips  of  wood.  Each  of  these 
plates  is  made  to  communicate  with  a  plate  of  a 
different  kind  of  metal,  the  zinc  with  copper,  and 
the  copper  with  zinc,  precisely  in  the  way  already 
described  when  giving  an  account  of  the  troughs. 
A  number  of  these  double  spirals  are  fixed  upon  a 
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ch.xiv.  piece  of  wood  in  the  same  way  as  has  been  just 
~  explained.  These  cylinders  are  now  introduced, 
each  into  a  cylindrical  glass  vessel.  This  method 
of  construction  is  attended  with  several  important 
advantages.  By  this  contrivance  plates  of  a  very 
large  size  may  be  introduced  into  a  very  small 
vessel ;  so  that  the  expenditure  of  liquid  is  the 
least  possible.  Besides  the  greatest  part  of  the  two 
sides  of  each  plate  is  active,  being  placed  opposite 
to  a  face  of  the  other  metal. 

Deflagra-  Dr.  Hare  has  constructed  another  apparatus 
which  he  calls  a  deflagrator,  and  which  appears  to 
possess  very  great  power.  He  takes  a  plate  of 
zinc  three  or  four  inches  square  and  encloses  it  in 
a  case  of  copper,  distant  from  it  about  a  line,  and 
touching  it  nowhere.  Any  number  of  these  plates 
thus  enclosed  in  copper  is  attached  to  a  horizontal 
piece  of  wood,  and  fixed  immoveably  that  there 
may  be  no  risk  of  the  plate  of  zinc  touching  the 
copper  case  in  which  it  is  enclosed.  The  zinc  plate 
at  the  first  of  these  is  united  at  the  top  to  the  cop- 
per case  of  the  next  zinc  plate.  And  this  is  con- 
tinued through  the  whole.  These  copper  cases  are 
placed  at  a  very  small  distance  from  each  other,  and 
between  each  pair  is  introduced  a  piece  of  card 
dipped  in  linseed  oil  varnish,  and  half  dry.  They  are 
then  compressed  so  as  to  adhere  so  closely  to  each 
other,  that  no  water  can  insinuate  itself  between 
them.  Things  being  thus  disposed,  the  apparatus 
is  plunged  into  a  trough  containing  the  liquid,  and 
not  divided  into  cells ;  the  varnished  card  answer- 
ing all  the  purposes  of  the  diaphragms  in  the  por- 
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celain  troughs.      Four  such  pieces  of  apparatus,  ch.xiv. 
containing  each  fifty  plates  of  zinc,   surrounded" 
each  by  its  copper  case,  when  plunged  into  their 
proper  troughs,  produce  very  powerful  effects. 

The  apparatus  employed  by  Orsted,  and  of  the 
efficacy  of  which  he  speaks  in  high  terms, 
approaches  very  nearly  to  this  last  one  of  Hare. 
Indeed  the  theoretical  construction  of  both  is  the 
same. 

The  energy  of  the  galvanic  battery  depends  very  Nature  of 

*?L  o     i        i.        -  i  theimper- 

much  upon  the  nature  of  the  liquid  employed  as  a  feet"  con- 
conductor  between  the  pairs  of  plates.  The  better  used?"1 
a  conductor  of  electricity  it  is,  the  more  powerful, 
ceteris  paribus,  is  the  energy  of  the  battery.  When 
we  employ  pure  water  the  energy  is  a  minimum. 
Indeed  it  seems  doubtful  whether  the  pile  possesses 
any  activity  when  the  water  used  is  perfectly  pure, 
and  perfectly  freed  from  atmospherical  air.  Water 
containing  a  salt  in  solution  answers  much  better, 
because  the  addition  of  a  salt  increases  very  much 
the  conducting  power  of  water.  Common  salt, 
sulphate  of  soda,  alum,  nitre,  or  sal  ammoniac,  are 
often  employed.  The  more  easily  the  salt  is  decom- 
posed the  better  does  it  answer.  Acids  on  that 
account  answer  better  than  salts.  The  three  acids 
usually  employed  are  the  sulphuric,  muriatic,  and 
nitric.  Of  these  the  muriatic  acid  has  the  least 
energy  ;  the  sulphuric  comes  next  in  order ;  but  the 
nitric  acid  is  the  most  efficacious  of  all. 

The  stronger  the  saline  or  acid  solution  is,  the 
more  powerful  is  the  action  of  the  battery.  The 
action  of  nitric  acid  is  the  most  energetic  ;  but  it 
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ch.  xiv.  ceases  most  speedily.  The  experiments  of  Gay 
Lussac  and  Thenard  have  shown  that  the  addition 
of  10,  20,  30,  &c.  parts  of  concentrated  nitric  acid 
to  a  given  weight  of  water  increases  the  intensity 
of  the  battery  10,  20,  30,  &c.  times,  or  that  the 
energy  is  directly  proportional  to  the  strength  of 
the  acid  employed.  The  charge  usually  employed 
in  this  country  is  a  mixture  of  1  part  of  concen- 
trated acid  with  about  20  or  25  parts  of  water. 

The  action  of  the  sulphuric  acid  lasts  longer  than 
that  of  the  nitric,  and  that  of  the  muriatic  is  more 
lasting  than  of  the  sulphuric.  The  addition  of 
some  sulphuric  acid  to  the  nitric  acid  solution  (as 
was  the  practice  of  Sir  H.  Davy)  renders  the  action 
much  longer ;  because  the  sulphuric  acid  prevents 
the  nitric  acid  from  being  saturated  by  the  oxide 
of  zinc  formed.  The  energy,  of  course,  continues 
till  the  whole  nitric  acid  is  decomposed. 

Of  the  salts,  sal  ammoniac  is  the  most  powerful. 
A  solution  of  common  salt  in  vinegar  acts  well, 
and  is  most  commonly  used  by  experimenters,  as 
the  cheapest  ingredient  likely  to  answer  the  pur- 
pose. 

Having  given  a  sufficient  account  of  the  galvanic 
apparatus,  it  is  time  to  turn  our  attention  to  the 
effects  which  it  produces.  These  are  of  two  kinds, 
electrical  and  chemical. 

pius%pop-es  1-  Electrical  effects.  A  battery  constructed  of 
zmc  an(*  c°Pper  plates,  with  a  liquid  conductor 
between  every  pair,  evolves  the  two  opposite 
electricities.  The  positive  electricity  goes  on 
increasing  in  every  zinc  plate  from  the  copper  end 
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of  the  battery  to  the  zinc  end.     So  that  the  zinc  CH.XIV. 
end  is  charged  positively,  and  the  intensity  of  the 
charge  depends  upon  the  number  of  pairs  of  plates ; 
though  the  absolute  quantity  of  electricity  evolved 
depends  upon  the  quantity  of  surface  of  the  two 
metals  opposed  to  each  other.     A  single  pair  of 
plates,    supposing   their   surface   very   large,   will 
evolve  as  much  electricity  as  a  great  number  of 
pairs  of  plates  of  a  small  size.     But  the  effect  pro- 
duced by  the  great  number  of  plates  in  giving 
shocks,  or  charging  a  Leyden  jar,  will  be  much 
greater  than  is  produced  by  a  single  pair  of  plates 
of  very   large   dimensions.      The  Leyden  jar   is 
charged  in  an  instant.     But  the  intensity  of  the 
charge  depends  upon  the  number  of  pairs  of  plates. 
Even  a  large  electrical  battery  of  Leyden  jars  will 
be  charged  in  an  instant  to  the  same  degree  of 
intensity  as  the  single   Leyden  jar.     We  see  from 
this  that  the  quantity  of  electricity  evolved  by  the 
Voltaic  apparatus  is  large ;  but  that  its  intensity  is 
low. 

It  is  not  easy  to  convey  an  accurate  idea  of  what  ^»t  is^ 
is  meant  by  the   intensity  of  electricity.     If  you  intensity. 
charge  a  single  electrical  jar  as  high  as  it  will  bear, 
its  intensity  will  be  greater  than  can  be  induced 
into  a  battery  of  jars,  and  the  larger  the  battery  the 
smaller  is  the  intensity.     This  intensity  is  measured 
by  the  effect  produced  upon  a  pendulum  electro- 
meter, in  causing  it  to  diverge  from  the  perpendi- 
cular.    The  attractions  and  repulsions  produced  by 

the  small  jar,  will  be  greater  than  by  the  battery. 

Yet  the  quantity  of  electricity  in  the  battery,  is 
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ch.xiv.  much  greater  than  in  the  single  jar.  If  the  electri- 
city be  considered  as  a  fluid,  we  may  consider  the 
degree  of  intensity,  as  depending  upon  the  small- 
ness  of  the  distance  at  which  the  particles  of  elec- 
tricity are  placed  from  each  other.  The  nearer 
these  particles  are  to  each  other,  the  greater  will  be 
the  repulsion  which  they  will  exercise  upon  each 
other,  and  the  greater  will  be  their  attraction  for 
the  opposite  electricity.  Electricity  of  high  inten- 
sity, has  the  particles  nearer  each  other ;  electricity 
of  low  intensity,  has  the  particles  at  a  greater  dis- 
tance. 

The  copper  plates  of  the  Voltaic  battery  are  all 
charged  negatively,  and  the  intensity  of  the  charge 
increases  from  the  zinc  end,  to  the  copper  end; 
that  copper  plate  which  constitutes  the  pole  of  the 
battery,  being  most  intensely  negative.  The  inten- 
sity of  the  charge  of  negative  electricity,  depends 
upon  the  number  of  pairs  of  plates,  precisely  as  that 
of  the  positive  electricity.  Every  thing  that  has 
been  said  of  the  latter,  applies  equally  to  the  former. 

^ne  absolute  quantity  of  electricity  evolved  by 
tne  acti°n  °f  tne  Voltaic  battery,  seems  to  beenor- 
mous^  but  its  intensity  when  compared  with  the 
electricity  from  an  electrical  machine,  is  always  low. 
This  is  the  reason  why  many  substances  which  con- 
duct common  electricity  very  well,  conduct  Voltaic 
electricity  rather  imperfectly.  Pure  water  is  in 
this  predicament,  and  so  is  the  cuticle  of  the  human 
body.  This  is  the  reason,  why,  in  order  to  ensure 
the  perception  of  the  shock,  it  is  necessary  to 
moisten  the  fingers,  before  we  apply  them  to  the 
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two  poles  of  the  battery.  The  shock  is  only  felt  ch.xiv. 
at  the  instant  of  touching  or  withdrawing  the  fin- 
gers from  the  poles  of  the  battery.  As  long  as  the 
contact  is  continued,  we  are  sensible  of  nothing, 
unless  the  cuticle  be  abraded,  or  any  part  of  the 
hand  wounded  or  sore.  The  violence  of  the  spark 
depends  upon  the  number  of  pairs  of  plates.  When 
we  take  shocks  frorrr  a  battery  of  two  hundred 
pairs  of  plates,  each  four  inches  square,  by  grasping 
a  platinum  wire  in  each  hand,  and  bringing  these 
wires  into  contact  with  the  two  poles  of  the  battery, 
the  shock  is  attended  with  considerable  pain,  if  the 
battery  be  in  full  action.  It  occasions  an  involun- 
tary convulsion  in  the  arms,  which  produces  a 
momentary  removal  of  the  wire  from  the  poles. 
But  immediately  after,  the  contact  being  renewed, 
a  new  shock  is  felt.  This  goes  on  with  inconceiv- 
able rapidity,  and  occasions  at  last  so  much  pain, 
that  it  is  impossible  to  continue  to  bear  it. 

When  electricity  passes  through  conducting 
bodies,  it  produces  no  sensible  effect  upon  them.  wire 
But  if  we  diminish  the  size  of  the  conducting  body, 
and  augment  the  quantity  of  electricity  so  much, 
that  difficulty  begins  to  be  encountered,  when  so 
large  a  quantity  of  electricity  is  obliged  to  pass 
through  so  small  a  body,  effects  begin  at  last  to  be 
perceptible.  Suppose  the  conducting  body  to  be 
a  metallic  wire.  The  wire  becomes  hot.  If  the 
quantity  of  electricity  be  increased,  or  the  diameter 
of  the  wire  be  diminished,  it  becomes  red  hot.  If 
the  electricity  be  still  farther  increased,  the  wire 
melts  and  is  dissipated  in  smoke. 
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Ch.  xiv.  The  very  same  effects  are  produced  upon  wires, 
by  Voltaic  electricity,  and  common  electricity. 
And  in  producing  these  effects,  the  power  of  the  Vol- 
taic battery  depends,  not  upon  the  number  of  pairs 
of  plates,  but  upon  the  extent  of  surface.  So  that 
a  single  pair,  supposing  the  surface  equally  great, 
will  be  capable  of  igniting  as  much  wire,  as  any 
number  of  pairs  of  plates,  constituting  altogether 
no  greater  extent  of  surface,  than  the  single  pair. 
The  reason  is  evident.  The  effect  upon  the  wire, 
must  depend  upon  the  absolute  quantity  of  electri- 
city that  passes  through  it  in  a  given  time.  The  in- 
tensity of  the  electricity  accumulated  in  a  single 
pair  of  plates,  of  however  large  dimensions,  is  so 
small,  that  it  will  not  give  sensible  shocks,  and  will 
scarcely  pass  through  liquids.  Yet  its  absolute 
quantity  may  be  as  great,  as  that  which  is  accu- 
mulated in  200  pairs  of  plates.  Hence,  when  it 
passes  through  a  wire,  it  will  exhibit  as  great  an 
effect  upon  that  wire,  as  would  be  produced  by  a 
battery  composed  of  200  pairs  of  plates. 

caiorimo-  ])r>  Hare,  of  Philadelphia,  has  constructed  .an 
apparatus,  which  he  calls  calorimotor.  It  consists 
of  a  number  of  plates  of  zinc,  and  as  many  of  cop- 
per, about  18  inches  square  each.  The  copper 
plates  are  all  placed  in  contact  with  each  other,  by 
means  of  ribbons  of  metal  soldered  to  them.  The 
same  is  the  case  with  the  zinc  plates.  These  plates 
are  placed  alternately  at  a  small  distance  from  each 
other  in  a  frame.  When  plunged  into  a  conduct- 
ing liquid,  they  constitute,  in  fact,  only  a  single  pair 
of  zinc  and  copper  plates,  of  enormous  dimensions. 
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When  the  zinc  is  brought  into  contact  with  the  CH.XIV. 
copper,  by  means  of  a  platinum  wire,  of  very  con- " 
siderable  size,  it  produces  the  ignition  of  that  wire, 
for  a  length  of  about  two  inches,  and  keeps  it 
ignited  as  long  as  the  apparatus  retains  its  activity. 
Yet  this  apparatus,  though  so  powerful  in  igniting 
wire,  gives  no  shocks,  and  produces  no  sensible 
chemical  effect  whatever.     These  facts  have  led 
Dr.  Hare  to  suppose,  that  the  Voltaic  battery  pro- 
duces two  distinct  and  unconnected  effects;  namely, 
the  evolution  of  electricity,  which,  in  his  opinion, 
occasions  the  shocks  and  the  chemical  decomposi- 
tions, and  which  depends  on  the  number  of  pairs  of 
plates,  and  the  evolution  of  heat,  which  occasions 
the  ignition  of  metallic  wires,  and  is  proportional 
to  the  extent  of  surface  in  action.     But  the  consid- 
erations stated  above,  afford  a  satisfactory  explana- 
tion of  the  effects  of  this  apparatus,  without  any 
necessity  to  have  recourse  to  the  notion,  that  a  cur- 
rent of  heat  passes  through  the  Voltaic  battery,  as 
well  as  a  current  of  electricity.     The   chemical 
effects  produced  by  electricity  must,  of  necessity, 
depend  upon  its  intensity ;  but  the  property  which 
it  has  of  igniting  metals  must  depend  upon  its  ab- 
solute quantity.     In  the  calorimotor  the  intensity 
is  a  minimum  ;  being  only  that  produced  by  a  sin- 
gle pair  of  plates ;  but  the  absolute  quantity  may 
be  as  great  as  we  please,  as  it  depends  upon  the 
extent  of  the  surface  of  the  two  plates,  opposite  to 
each  other. 

When  different  wires  are  exposed  to  the  action 
of  the  Voltaic  battery,  the  effect  is  found  not  to  be 


524  OF  GALVANISM. 

ch.xiv.  the  same  upon  all.  Platinum  wire  is  more  easily 
"ignited  than  any  other,  and  zinc  wire  is  the  most 
difficult  of  ignition  of  all  hitherto  tried.  Now  as 
ignition  depends  upon  a  greater  quantity  of  electri- 
city passing  through  the  wire,  than  it  is  capable  of 
transmitting  readily,  it  is  obvious  that  the  worst 
conductors  will  be  most  easily  ignited,  and  the  best 
conductors  with  most  difficulty.  According  to  this 
view,  platinum  is  the  wrorst  conductor  of  electricity 
of  all  metals  hitherto  tried,  while  zinc  is  the  best 
conductor. 

Speri-en >s  The  most  unexceptionable  set  of  experiments, 
on  the  conducting  power  of  the  different  metals, 
was  made  by  Mr.  Children,  in  the  year  1814. 

meta£nt  These  experiments  I  was  fortunate  enough  to  wit- 
ness.* Mr.  Children's  battery  consisted  of  20 
pairs  of  zinc  and  copper  plates,  each  six  feet  long, 
and  2  feet  six  inches  broad,  joined  together  by 
straps  of  lead,  and  plunged  into  a  mixture  of  nitric 
and  sulphuric  acids,  diluted  with  from  20  to  40 
times  their  weight  of  water.  This  battery  when  in  full 
action,  rendered  a  platinum  wire  5  feet  6  inches  long, 
and  -rVuths  of  an  inch  in  diameter  red  hot  through- 
out, so  that  the  ignition  was  visible  in  full  daylight. 
8  feet  6  inches  of  platinum  wire  TVo  of  an  inch  in 
diameter,  were  heated  red.  A  bar  of  platinum  ith 
inch  square,  and  2i  inches  long,  was  heated  red  hot 
and  fused  at  the  end.  A  round  bar  of  the  same 
metal  T2o7o6oths  of  an  inch  in  diameter,  and  2|  inches 
long,  was  heated  bright  red  throughout. 

v 

*  An  account  of  them  will  be  found  in  Phil.  Trans.  1815,  p.  363. 
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To  determine  the  relative  conducting  powers  of  CB.XIV. 
different  metals,  two  wires  of  the  metals  to  be  com- 
pared  were  taken  of  equal  diameter  and  length, 
one  end  of  each  was  in  contact  with  one  of  the 
basins  of  mercury,  communicating  with  the  poles 
of  the  battery,  and  the  other  end  being  bent  to  an 
angle,  the  wires  were  connected  by  hooking  them 
to  each  other.  The  length  of  each  wire  was  8 
inches,  and  its  diameter  ^th  of  an  inch.  The  re- 
sults were  as  follows. 

1.  The  wires  being  platinum  and  gold,  the  pla- 
tinum was  instantly  ignited,  while  the  gold  remained 
unaffected. 

2.  Gold  and  silver.     The  gold  was  ignited,  the 
silver  not. 

3.  Gold  and  copper.     Both  metals  were  equally 
ignited. 

4.  Gold  and  iron.     The  iron  was  ignited,  the 
gold  unchanged. 

5.  Platinum  and  iron.     The  iron  ignited  instantly 
next  the  pole  of  the  battery.     Then  the  platinum 
became  ignited  through  its  whole  extent.     After 
this,  the  iron  became  more  intensely  ignited  than 
the  platinum,  and  the  ignition  of  the  latter  de- 
creased. 

6.  Platinum  and  zinc.    The  platinum  was  ignited, 
the  zinc  was  not;  but  melted  at  the  point  of  contact. 

7.  Zinc  and  iron.     The  iron  was  ignited ;  the 
zinc  bore  the  heat  without  fusing. 

8.  Lead  and  platinum.     The  lead  fused  at  the 
point  of  contact. 
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ch.xiv.  9.  Tin  and  platinum.  The  tin  fused  at  the  point 
of  contact. 

10.  Zinc  and  silver.  The  zinc  was  ignited  be- 
fore it  melted  ;  the  silver  was  not  ignited. 

From  these  experiments  it  has  been  deduced,  that 
the  order  of  these  metals  as  conductors  of  electri- 
city is  as  follows  : 

Silver, 

Zinc, 
(  Gold, 
I  Copper, 

Iron, 

Platinum. 

Tin  and  lead  fuse  so  immediately  at  the  point  of 
contact,  that  no  conclusion  respecting  them  could 
be  drawn. 

meStsof  ^ut  ^e  most  complete  set  °f  experiments  on  the 
Mr.  Har-  conducting  powers  of  the  different  metals  are  those 
of  Mr.  Harris.*  He  determined  the  degree  of  heat 
induced  into  wires  of  the  same  size  by  passing 
through  them  the  contents  of  an  electric  battery 
charged  exactly  to  the  same  intensity.  This  heat 
was  measured  by  the  expansion  induced  in  a  given 
volume  of  air  by  the  wires.  The  conducting 
powers  were  considered  as  inversely  as  these 
expansions.  The  following  table  exhibits  the 
relative  heats  measured  by  the  rise  of  a  column  of 
spirits  (in  a  tube)  pressed  upon  by  the  expanded 
air. 

*  Phil.  Trans.  1827,  p.  18. 
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Copper,    . 
Silver, 
Gold, 
Zinc, 
Platinum, 
Iron, 
Tin, 
Lead, 
Brass, 

Gold  1  part, 
Copper,  1, 
Gold  3, 
Copper  1, 
Gold  1, 
Copper  3, 
Copper  1, 
Silver  1, 
Copper  1, 
Silver  3, 


Effect 

6 

6 

9 

18 

30 

30 

36 

72 

18 


20 


25 


15 


6 


6 


Copper  3, 
Silver  1, 
Gold  1, 
Silver  1, 
Gold  1, 
Silver  3, 
Gold  3, 
Silver  1, 
Tin  1, 
Lead  1, 
Tin  3, 
Lead  1, 
Tin  1, 
Lead  3, 
Tinl, 
Zinc  1, 
Tin  3, 
Zinc  1, 
Copper  8, 
Tin  1, 

If  we  consider  the  conducting  power  of  these 
metals  as  the  inverse  of  these  numbers,  it  will  be  as 
in  the  following  table. 


20 


15 


25 


54 


45 


27 


32 


18 


Conducting  power. 

Copper,  r.*;i      ,  %1         *:.*!.;;  12 

Silver,  \Y$$\       >yv       }•   .  12 

Copper  1  part,  silver  1  part,     .  12 

Copper  1,  silver  3,  .  12 

Copper  3,  silver  1,  .  12 

Gold,    .  .  .  .  8 

Gold  1,  copper  3,          .  .  4*8 

Gold  1,  silver  2,  .  .  4'8 

Zinc,     ....  4 

Brass,    ....  4 


Table  of 
conducting 
powers  of 
metal. 
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Conducting  power. 

Copper  8,  tin  1,  .  .  4 

Gold  1,  copper  1,  .  .  3-6 

Gold  1,  silver  1,  .  .  3-6 

Gold  3,  copper  1,  .  .  2-88 

Gold  3,  silver  1,  .  .  2-88 

Tin  I,  zinc  1,      .  .  .  2-f 

Platinum,             .  .  •  2'4 

Iron,       ....  2-4 

Tin  3,  zinc  1,     .  .  .  2-25 

Tin,         ...  2 

Tin  3,  lead  1,      .  .  .  1-6 

Tin  1,  lead  1,      .  .  .  1£ 

Tin  1,  leadS,      .  .  .  1-1428 

Lead,      .  .  1 

Probably  in  order  to  render  these  numbers  cor- 
rect representatives  of  the  conducting  power  of 
electricity,  they  ought  to  be  divided  by  the  con- 
ducting power  of  the  metals  for  heat. 

The  heat  produced  by  a  powerful  Voltaic  bat- 
tery, when  in  full  action,  is  very  great.  Pieces  of 
charcoal  are  raised  to  a  white  heat,  even  when  sur- 
rounded with  hydrogen  or  azotic  gas,  and  the  light 
emitted  is  so  intense,  that  the  eye  cannot  bear  the 
glare.  The  galvanic  light  is  precisely  similar  to 
that  of  the  sun.  Objects  viewed  with  it,  have  pre- 
cisely the  same  colours,  as  when  viewed  by  the 
light  of  day. 

Mr.  Children's  battery  fused  and  reduced  oxides 
of  tungsten  and  molybdenum.  Columbic  acid, 
oxide  of  uranium,  oxide  of  titanium,  and  oxide  of 
cerium,  were  fused,  but  not  reduced.  Iridium, 
weighing  7*1  grains,  was  fused  into  a  porous  glo- 
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bule  whose  specific  gravity  was  18-68.*  Spinel,  Ch.  xiv. 
gadolinite,  and  zircon  were  fused,  magnesia  was 
agglutinated ;  but  ruby,  sapphire,  and  quartz  were 
not  affected.  Diamond  powder  having  been  put 
into  the  middle  of  some  soft  iron  wire,  it  was  put 
into  the  current,  and  kept  of  a  dull  red  heat  for  six 
minutes.  The  diamond  powder  had  disappeared ; 
the  interior  of  the  iron  was  fused  into  numerous 
cavities,  and  all  that  part  of  it  which  had  been  in 
contact  with  the  diamond  was  converted  into  blis- 
tered steel.t 

II.  The  chemical  effects  of  'the  Voltaic  battery 
have  been  investigated  with  much  sagacity,  and 
have  thrown  a  flood  of  light  upon  the  nature  of 
chemical  combination.  Every  substance  consti- 
tuting the  liquid  conductor  interposed  between  the ' 
pairs  of  plates  undergoes  decomposition,  one  of  its 
constituents  being  attracted  to  the  positive  plate, 
and  the  other  to  the  negative.  Suppose  the  liquid  to 

conductor  to  be  water.  The  oxygen  is  attracted  to  dj^srent 
the  positive  or  zinc  plate,  which  it  converts  into  an 
oxide,  while  the  other  constituent,  the  hydrogen,  is 
attracted  to  the  negative  or  copper  plate.  Hydrogen 
does  not  combine  with  copper.  It  therefore  makes 
its  escape  from  the  face  of  the  copper  plate  in  the 

*  Large  plates  have  a  great  advantage  over  a  battery  composed 
of  numerous  small  plates  when  the  object  is  the  production  of  heat. 
Because  the  intensity  of  the  electricity  being  much  smaller,  the 
loss  is  much  less.  When  the  2000  pair  of  plates  battery  belonging 
to  the  Royal  Institution  was  in  action,  it  was  impossible  to  walk 
across  the  room  without  being  sensible  of  pretty  strong  shocks. 

t  Phil.  Trans.  1815,  p.  370. 

I.  2  M 
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ch.  xiv.  form  of  hydrogen  gas.  When  pure  water  is  used 
"~  the  decomposition  is  exceedingly  slow,  because  pure 
water  conducts  electricity  of  low  intensity  very 
badly.  If  we  add  nitric  acid  to  the  water  the 
energy  of  the  battery  is  very  much  increased, 
because  the  conducting  power  of  the  liquid  is 
greatly  augmented,  and  because  the  nitric  acid 
undergoes  decomposition  much  more  easily  than 
water.  In  this  case  both  of  the  constituents  of  the 
liquid  conductor  undergo  decomposition  ;  the 
water  is  reduced  into  its  elements  as  before,  and 
the  oxygen,  as  before,  unites  to  the  zinc  plate, 
while  the  hydrogen  is  disengaged  from  the  copper 
plate.  The  nitric  acid  is  decomposed  into  oxygen 
and  deutoxide  of  azote.  The  oxygen  unites  to  the 
zinc,  while  the  deutoxide  of  azote  is  disengaged  in 
abundance  from  the  copper  plates.  If  the  nitric 
acid  solution  used  possess  considerable  strength,  a 
good  deal  of  heat  is  evolved,  and  the  quantity  of 
deutoxide  of  azote  and  hydrogen  given  out  is  very 
annoying  to  the  experimenter.  The  zinc  is  oxy- 
dized  and  dissolved  very  fast,  and  the  energy  of  the 
battery  is  soon  destroyed.  Because  in  a  very  short 
time  the  whole  nitric  acid  is  either  decomposed,  or 
combined  with  the  oxide  of  zinc.  The  liquid 
becomes  a  solution  of  nitrate  of  zinc  in  water, 
which  is  comparatively  speaking  a  bad  conductor 
of  electricity. 

It  would  appear,  that  while  the  energy  of  the 
Voltaic  battery  continues,  two  opposite  currents  of 
electricity  pass  through  every  stratum  of  liquid,  in- 
terposed between  every  pair  of  plates.  The  nega- 
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live  electricity  passes  towards  the  copper  plate,  and  CH.  xiv. 
the  positive  electricity  towards  the  zinc  plate.     To  pecompo- 
form  a  conception  of  the  way  in  which  these  cur-  wat^r  ex- 
rents  pass,  let  us  consider  the  conducting  liquid  in  pUtoed' 
its   simplest   state,    or   consisting   of  pure  water. 
Water  is  a  compound  of  oxygen  and  hydrogen. 
Let  us  consider  only  a  single  row  of  the  particles 
of  it,  lying  between  the  zinc  and  the  copper  plate. 
Let  o  represent  oxygen,  and  +  hydrogen.    A  particle 
of  water  maybe  represented  by  the  symbol  ?,  and 
a  row  of  particles  of  water  may  be  represented  thus, 


The  current  of  negative  electricity  seems  to 
pass  along  the  particles  of  oxygen,  and  the  current 
of  positive  electricity  along  the  particles  of  hydro- 
gen. From  M.  Pouillet's  experiments  related  in 
the  last  section,  it  would  follow  that  when  oxygen 
and  hydrogen  combine,  the  former  gives  out  posi- 
tive, and  the  latter  negative  electricity.  We  may 
conclude  from  this,  that  when  they  become  charged 
again  with  these  respective  electricities,  they  will 
separate  from  each  other.  The  particle  of  oxygen 
next  the  zinc  plate,  being  thus  disengaged  from 
the  particle  of  hydrogen  with  which  it  was  united, 
will  be  attracted  to  the  zinc  plate,  give  out  its  elec- 
tricity to  it,  and  combine  with  it.  The  same  thing 
will  happen  to  the  particle  of  hydrogen  nearest  the 
copper  plate.  The  electricity  constantly  passing 
along  the  row  of  particles,  will  occasion  a  succession 
of  decompositions  of  the  particles  of  water.  But 
the  hydrogen  in  each,  will  instantly  combine  again 
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en.  xiv.  with  the  next  particle  of  oxygen  in  succession.  It 
~~  is  not  then  the  hydrogen  which  passes  through  the 
liquid  from  one  plate  to  the  other,  but  a  rapid  suc- 
cession of  decompositions  ;  and  as  the  first  particle 
of  water  has  parted  with  its  oxygen,  it  is  obvious 
that  the  last  particle  must  part  with  its  hydrogen. 

The  same  explanation  applies  to  all  the  decom- 
positions that  take  place,  in  the  liquid  interposed 
between  the  respective  pairs  of  zinc  and  copper. 
But  it  is  usual  to  interpose  between  the  two  poles 
of  the  Voltaic  battery,  a  vessel  containing  the  water 
or  other  substance  to  be  decomposed.  A  platinum 
wire  is  made  to  pass  into  this  liquid  from  each  pole, 
and  the  series  of  decompositions  may  thus  be  ob- 
served. 

Lawof  de-      The  nature  of  these  decompositions  was  first  in- 

composi- 

tion-  vestigated  by  Berzelius  and  Hisinger,  in  a  paper 
published  by  them,  in  Gehlen's  Journal  for  1803.* 
They  showed  that  a  number  of  salts  which  they 
dissolved  in  water,  and  placed  in  contact  with  the 
two  poles  of  a  galvanic  pile,  by  means  of  iron  or 
silver  wires,  were  decomposed,  the  acid  being  de- 
posited round  the  positive  wire,  and  the  base  round 
the  negative  pole.t  Ammonia  was  also  decom- 
posed ;  azotic  gas  separating  from  the  positive  pole 

*  Vol.  i.  p.  115. 


t  The  salts  tried,  were — 
Sulphate  of  ammonia, 
Nitrate  of  ammonia, 
Muriate  of  ammonia, 
Phosphate  of  ammonia, 
Borate  of  ammonia, 


Prussiate  of  ammonia, 
Common  salt, 
Nitrate  of  potash, 
Bisulphate  of  potash, 
Sulphate  of  potash, 
Muriate  of  lime. 
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of  the  battery,  and  hydrogen  gas  from  the  negative  ch.  xiv. 
pole.     When  lime  water  was  tried,  no  decomposi- 
tion  of  the  lime  took  place. 

In  the  Philosophical  Transactions  for  1807,  an 
admirable  paper  was  published  by  Sir  Humphry 
Davy,  entitled,  On  some  Chemical  Agencies  of  Elec- 
tricity, containing  a  very  minute  and  complete 
investigation  of  the  chemical  decompositions  pro- 
duced by  Voltaic  electricity.  To  perceive  the  full 
value  of  this  paper,  it  would  be  requisite  to  have 
an  idea  of  the  previous  state  of  our  knowledge  of 
this  intricate  subject.  It  had  been  already  observ- 
ed, that  when  two  platinum  wires,  from  the  two 
poles  of  a  galvanic  pile,  were  plunged  each  into  a 
vessel  of  water,  and  the  two  vessels  united  by  means 
of  wet  asbestus  or  any  other  conducting  substance,  an 
acid  appeared  round  the  positive  wire,  and  an  alkali 
round  the  negative  wire.  This  alkali  was  said  by 
some  to  be  ammonia,  by  others  to  be  soda.  The 
acid  was  variously  stated  as  muriatic  acid,  nitric 
acid,  or  even  chlorine.  And  it  was  generally  ad- 
mitted, that  these  acids  and  alkalies  were  generat- 
ed by  the  galvanic  action.  Davy  demonstrated,  by 
decisive  experiments,  that  in  these  cases  the  acid 
and  alkali  were  derived  from  the  decomposition  of 
some  salt,  contained  either  in  the  water,  or  in  the 
vessel  in  which  the  water  was  placed.  Most  com- 
monly the  salt  decomposed  was  common  salt,  and 
he  showed  that  agate,  basalt,  and  various  other 
stony  bodies,  which  he  used  as  vessels,  contained 
quantities  of  common  salt  appreciable  by  the  gal- 
vanic action.  When  the  same  agate  cup  was  used 
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Ch.  xiv.  in  successive  experiments,  the  quantity  of  acid  and 
alkali  evolved  diminished  each  time,  and  at  last  no 
appreciable  quantity  could  be  perceived.  When 
glass  vessels  were  used,  soda  was  disengaged  at  the 
expense  of  the  glass,  which  was  sensibly  corroded. 
When  the  water  into  which  the  wires  were  dipt 
was  perfectly  pure,  and  when  the  vessel  containing 
it  was  free  from  every  trace  of  saline  matter,  no 
acid  or  alkali  made  its  appearance,  and  nothing 
was  evolved  except  the  two  constituents  of  water, 
namely  oxygen  and  hydrogen ;  the  oxygen  appear- 
ing round  the  positive  wire,  and  the  hydrogen 
round  the  negative  wire. 

When  a  salt  was  put  into  the  vessel  into  which 
the  positive  wire  dipt,  the  vessel  into  which  the 
negative  wire  dipt  being  filled  with  pure  water,  and 
the  two  vessels  being  united  by  a  slip  of  asbestus 
moistened  with  water,  the  acid  of  the  salt  made  its 
appearance  round  the  positive  wire,  and  the  alkali 
round  the  negative  wire,  before  it  could  be  detect- 
ed in  the  intermediate  space.  But  if  an  interme- 
diate vessel  containing  a  substance  for  which  the 
alkali  has  a  strong  affinity,  be  placed  between  these 
two  vessels,  the  whole  being  united  by  slips  of  as- 
bestus, then  great  part  of,  or  even  the  whole  of  the 
alkali,  was  stopt  in  this  intermediate  vessel.  Thus 
if  the  salt  was  nitrate  of  barytes,  and  sulphuric  acid 
was  placed  in  the  intermediate  vessel  j  much  sul- 
phate of  barytes  was  deposited  in  the  intermediate 
vessel,  and  very  little  or  even  no  barytes  made  its 
appearance  round  the  negative  wire.  Upon  this 
subject  a  most  minute,  extensive,  and  satisfactory 
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series  of  experiments  was  made  by  Davy,  leaving  Ch.xiv. 
no  doubt  whatever  respecting  the  accuracy  of  the 
general  fact.  Indeed  this  paper  of  Sir  H.  Davy 
constitutes  one  of  the  most  important  contributions, 
ever  made  to  scientific  chemistry,  and  threw  a 
ray  of  light  upon  chemical  affinity,  which  may  ulti- 
mately produce  the  most  important  consequences. 
The  conclusions  drawn  by  Davy  from  his  experi- 
ments,  are  that  all  substances  which  have  a  chemi-  theory- 
cal  affinity  for  each  other,  are  in  opposite  states  of 
electricity,  and  that  the  degree  of  affinity  is  pro- 
portional to  the  intensity  of  these  opposite  states. 
When  such  a  compound  body  is  placed  in  contact 
with  the  two  poles  of  a  galvanic  battery,  the  positive 
pole  attracts  that  constituent  which  is  negative,  and 
repels  the  positive.  The  negative  pole  acts  in  the 
opposite  way,  attracting  the  positive  constituent, 
and  repelling  the  negative.  The  more  powerful 
the  battery,  the  greater  is  the  force  of  these  attrac- 
tions and  repulsions.  We  may,  therefore,  merely 
by  increasing  the  energy  of  a  battery,  sufficiently, 
enable  it  to  decompose  any  compound  whatever. 
Oxygen,  chlorine,  bromine,  iodine,  and  acids,  being 
negative  bodies,  are  attracted  to  the  positive  pole ; 
while  hydrogen,  alkalies,  earths,  oxides,  metals,  and 
bases  of  all  kinds,  being  positive,  are  attracted  to 
the  negative  pole.* 

*  If  this  view  of  the  subject,  which  is  probably  more  conforma- 
ble to  truth,  than  the  view  of  Pouillet  given  in  page  497  of  this 
work,  be  admitted,  it  will  be  necessary  to  modify  the  explanation 
of  the  way  in  which  the  electrical  currents  pass,  given  in  page  531. 
If  oxygen  be  negative,  and  hydrogen  positive,  it  is  obvious  that  the 
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ch.  xiv.  Such  are  the  electrical  and  such  the  chemical 
phenomena  produced  by  the  Voltaic  battery.  We 
shall  see  hereafter  the  splendid  series  of  chemical 
discoveries  which  flowed  from  these  investigations 
of  Davy. 

Theory  of  With  respect  to  the  theory  of  the  pile  it  is  not 
necessary  to  say  much.  The  original  opinion  of 
Volta,  that  all  the  phenomena  are  produced  by 
common  electricity,  seems  to  me  to  be  fully  estab- 
lished. But  that  the  whole  current  of  electricity 
evolved  is  merely  the  consequence  of  the  new 
arrangement  of  the  fluids  in  the  metallic  plates,  in 
consequence  of  their  juxta  position,  is  not  so 
evident.  The  energy  of  the  pile  is  proportional  to 
the  extent  of  surface  of  the  two  metals  opposite  to 
each  other,  and  intercepted  by  the  fluid  conductor 
placed  between  them.  The  metals  themselves 
require  to  be  in  contact  only  in  a  single  point ;  but 
a  broad  surface  of  each  requires  to  be  in  contact 
with  the  fluid.  The  energy  increases  with  the 
conducting  power  of  the  fluid.  But  this  is  not  all. 
The  fluid  in  all  cases  undergoes  decomposition,  and 
when  the  decomposition  ceases  the  active  agency 
of  the  pile  is  at  an  end.  That  fluid  answers  best 
which  is  most  easily  decomposed,  and  the  energy 
of  the  pile  is  proportional  to  the  rapidity  with 
which  the  decomposition  takes  place.  If  the  only 

positive  current  will  be  attracted  to  the  oxygen  and  must  pass 
through  it,  while  the  negative  current  will  pass  through  the  hydro- 
gen. These  currents  by  neutralizing  the  electricity  in  both 
bodies,  will  occasion  the  separation  of  the  oxygen  and  hydrogen, 
and  produce  the  decompositions  referred  to  in  page  531. 
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use  of  the  liquid  were  to  transmit  the  electricity  ch.  xiv. 
from  one  pair  of  plates  to  the  next  in  succession,  " 
no  reason  could  be  assigned  why  the  decomposition 
of  the  liquid  should  be  necessary  for  the  activity  of 
the  pile.  It  may  be  said,  indeed,  that  this  decom- 
position is  the  necessary  consequence  of  the  passage 
of  a  current  of  electricity  through  the  liquid  ;  at 
least  if  we  take  the  same  view  of  chemical  affinity 
which  Sir  H.  Davy  endeavoured  to  establish.  The 
constituents  of  the  liquid  remain  in  combination, 
because  they  possess  different  electrical  states.  The 
current  of  electricity,  by  rendering  the  electricity 
of  both  the  constituents  the  same,  destroys  their 
affinity,  and  occasions  the  decomposition  of  the 
liquid. 

According   to   this,   the  decomposition   of  the 


luctor. 


liquid  conductor  is  merely  the  consequence  of  the  J™™mthesi_ 
current  of  the  electricity  which  passes  through  the 
pile.  But  if  this  explanation  were  the  true  one,  it  dl 
is  evident  that  all  liquids  would  act  equally  well  in 
the  galvanic  pile,  provided  they  were  capable  of 
conducting  electricity  equally  well.  It  may  be  said, 
perhaps,  that  nitric  acid  is  a  better  conductor  than 
any  other  liquid,  and  that  this  is  the  reason  why 
it  answers  better  for  charging  the  pile.  But  even 
were  we  to  grant  this  it  would  not  remove  nor  even 
diminish  the  difficulty.  When  a  Voltaic  battery 
composed  of  porcelain  troughs  with  zinc  and  copper 
plates,  as  formerly  described,  is  put  into  action  by 
filling  the  cells  with  dilute  nitric  acid,  it  possesses 
at  first  great  energy.  The  zinc  plates  dissolve  with 
rapidity  in  this  acid,  and  considerable  heat  and 
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ch.  xiv.  abundance  of  nitrous  acid  fumes  are  evolved.  By 
degrees  the  violence  of  the  action  diminishes  ;  the 
zinc  dissolves  more  slowly,  and  at  last  all  chemical 
action  is  at  an  end.  When  this  has  taken  place  we 
shall  find,  if  we  try,  that  the  battery  has  become 
totally  inert.  When  this  has  happened,  if  we 
examine  the  liquid  in  the  troughs,  we  shall  find  that 
it  contains  no  free  nitric  acid  ;  but  that  there  is 
dissolved  in  it  a  considerable  quantity  of  nitrate  of 
zinc.  The  whole  nitric  acid  has  been  either 
decomposed  or  united  with  oxide  of  zinc.  But  a 
solution  of  oxide  of  zinc  is  a  good  conductor  of 
electricity.  If,  therefore,  the  liquid  in  the  cells 
answered  no  other  purpose  than  to  conduct  the 
electricity  from  one  pair  of  plates  to  another,  we 
can  see  no  reason  why  the  battery  should  lose  its 
energy,  while  so  good  a  conductor  as  solution  of 
nitrate  of  zinc  is  interposed  between  the  plates. 

But  a  solution  of  nitrate  of  zinc,  though  it  con- 
ducts electricity,  is  incapable  of  acting  either  upon 
zinc  or  copper.  Its  tendency  to  undergo  decom- 
position is  at  an  end.  If  any  decomposition  take 
place  it  is  merely  the  particles  of  the  water  that 
undergo  it,  and  so  slowly  that  it  is  scarcely  percep- 
tible. From  all  this  the  conclusion  seems  unavoid- 
able, that  much  of  the  electricity,  which  acts  with 
so  much  energy  in  the  galvanic  battery,  is  evolved 
by,  and  in  consequence  of,  the  decomposition  of 
the  liquid  which  constitutes  an  essential  part  of 
every  galvanic  pile.  On  this  supposition  we  see  a 
reason  why  those  liquids  should  answer  best  which 
are  most  easily  decomposed,  and  why  after  the 
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decomposition  is  at  an  end  the  energy  of  the  pile  ch.  xiv. 
ceases  likewise.     In  short,  the  chemical  decomposi- 
lions  seem  to  be  at  once  a  consequence  and  a  cause 
of  the  energy  of  the  galvanic  pile. 

It  must  not  be  disguised  that  this  view  of  the 
subject  seems  inconsistent  with  the  experiments  of 
Pouillet  related  in  a  former  chapter.  He  found 
that  whenever  two  bodies  united  by  combustion, 
the  supporter  gave  out  positive,  and  the  combustible 
negative  electricity,  and  he  inferred  in  consequence 
that  when  such  a  compound  underwent  decompo- 
sition the  supporter  would  absorb  positive,  and  the 
combustible  negative  electricity.  The  two  consti- 
tuents of  the  liquid  decomposed  in  the  galvanic  pile 
should  therefore,  instead  of  giving  out  electricity, 
absorb  it.  The  electrical  theory  of  chemical  affinity 
is  also  hostile  to  the  notion  that  bodies  give  out 
electricity  when  they  undergo  decomposition. 
Bodies,  according  to  that  theory,  remain  united  as 
long  as  they  continue  in  opposite  states  of  electri- 
city ;  but  when  they  assume  the  same  state,  their 
union  is  at  an  end.  Therefore,  when  bodies 
undergo  decomposition  they  ought  to  absorb  elec- 
tricity, and  not  to  part  with  it. 

The  phenomena  of  the  Voltaic  battery,  however, 
seems  to  me  to  show  clearly  that  the  electricity 
evolved  is  connected  with  the  decomposition  of  the 
conducting  fluid,  since  its  energy  is  always  propor- 
tional to  it,  and  since  both  always  cease  together. 
It  would  be  very  desirable  that  Pouillet's  experi- 
ments should  be  repeated  and  confirmed  ;  and  that 
the  conclusions  which  he  has  drawn  from  them 
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ch.  xiv.  should  undergo  a  rigid  examination.  Because  air 
surrounding  burning  charcoal  is  positive,  and  the 
carbonic  acid  formed  negative,  does  it  follow  that 
oxygen,  when  it  enters  into  combination  with  car- 
bon, gives  out  positive  electricity,  while  the  carbon 
gives  out  negative  electricity  ?  I  do  not  see  the 
legitimacy  of  the  conclusion  very  clearly. 


CHAPTER  XV. 

OF  ELECTRO-MAGNETISM. 


IN  this  chapter  I  shall  give  as  concise  an  account  Q»ap.  xv. 
as  possible  of  the  recently  discovered  facts  which 
have  shown  the  dependency  of  magnetism  on  elec- 
tricity, because  they  are  necessary  to  complete 
the  sketch  which  I  proposed  to  give  of  the  present 
state  of  the  science  of  electricity. 

SECTION  I. 
SKETCH  OF  THE  PHENOMENA  OF  MAGNETISM. 

The  term  magnet  or  loadstone  is  usually  applied  M^ftnet 
to  an  ore  of  iron  composed  of  two  atoms  of  peroxide, 
and  one  atom  of  protoxide  of  iron.  This  ore  has 
the  colour  of  iron,  the  metallic  lustre,  a  specific 
gravity  of  about  5,  and  it  crystallizes  in  octahe- 
drons. It  is  usually  called  magnetic  iron  ore  by 
mineralogists.  This  ore  has  usually  the  property 
of  attracting  iron  filings  to  itself.  Pieces  of  it  that 
have  lain  in  the  earth  in  a  particular  direction,  are 
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Chap.  xv.  found  endowed  with  two  or  more  poles,  which  alter- 
nately attract  and  repel  the  poles  of  a  magnetic 
needle.  It  is  to  such  pieces  that  the  name  of 
magnet  is  applied.* 

Artificial  jf  a  loadstone,  possessed  of  two  poles,  be  drawn 
along  a  bar  of  steel  two  or  three  times,  always  in 
the  same  direction,  the  steel  bar  will  become  a 
magnet.  Or  if  we  place  a  bar  of  steel  in  a  direc- 
tion parallel  to  the  axis  of  the  earth,  or  rather 
parallel  to  the  dip  of  the  needle,  and  strike  it 
smartly  while  in  that  position,  for  some  time  ;  it  will 
acquire  magnetic  properties.  These  properties  may 
be  communicated  to  other  bars,  and  the  magnetic 
virtue  in  each  may  be  increased  by  methods 
described  by  all  writers  on  magnetism,  and  there- 
fore generally  known. 

Poles.  1.  If  a  steel  bar,  or  a  steel  wire  thus  converted 

into  a  magnet,  be  suspended  by  the  middle  by  a 
slender  string,  or  supported  on  a  pivot  on  which  it 
can  turn  easily,  one  end  of  it  will  always  point 
towards  the  north,  and  the  other  end  towards  the 

*  It  Was  called  by  the  Greeks  (jtotyvw,  f&ctyt'rflos,  and  ///ayv*!?/?, 
according  to  some  from  the  name  of  a  shepherd,  who  first  discov- 


ered  it  on  mount  Ida.  Theophrastus  does  not  notice  it  in  his 
treatise  vrt£i  A/0wv;  but  it  is  mentioned  by  Aristotle,  and  probably 
other  Greek  writers.  Pliny  treats  of  it  under  the  name  of  magnes, 
and  gives  an  account  of  its  property  of  attracting  iron.  Its  polarity 
was  unknown  to  the  ancients,  nor  is  it  known  by  whom  it  was 
discovered.  It  was  certainly  known  in  the  12th,  or  beginning  of 
the  13th  century.  The  mariner's  compass  was  introduced  by  Flavio 
Gioia,  or  Giri,  of  Melphi,  in  the  year  1302. 
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south.     If  we  make  it  deviate  from  this  position,  it    Sect.  i. 
will  oscillate  for  some  time,  and  at  last  settle  in  the 
same  position  as  at  first.     That  extremity  of  the 
bar  or  wire  which  points  to  the  north  is  called  the 
north  pole  of  the  magnet,  and  the  other  extremity 
which  points  to  the  south  is  called  the  south  pole. 
2.  If  we  present  the  north  pole  of  one  magnet 


same  name 
el,  of 
erent  nt- 


,*  ,  «, 

to  the  north  pole  or  another  magnet,  both  capable  repei,  of 

r-  •  r        i  ^    -  i    Different 

or  moving  freely  upon  their  axes,  they  repel  each  tract. 
other.  In  like  manner  the  two  south  poles  repel 
each  other.  But  the  north  pole  of  one  magnet 
attracts  the  south  pole  of  another,  and  vice  versa. 
Coulomb  demonstrated  that  these  attractions  and 
repulsions  vary  inversely  as  the  square  of  the 
distance.* 

3.  If  we  determine  the  direction  of  a  magnetic 
needle  properly  suspended  and  at  liberty  to  move, 
we  shall  find  in  general  that  it  does  not  point  due 
north,  but  either  to  the  west  or  east  of  north.  The 
exact  point  of  the  compass  to  which  it  points  varies 
in  different  parts  of  the  earth.  For  instance,  if  we 
sail  from  the  Straits  of  Gibraltar  to  the  West  Indies, 
in  proportion  as  we  recede  from  Europe  and  ap- 
proach America,  the  compass  will  point  nearer  and 
nearer  due  north  ;  and  when  we  come  to  a  certain 
part  of  the  Gulf  of  Mexico,  it  will  point  exactly 
north.  But  if  we  sail  from  Great  Britain  to  the 
southern  coast  of  Greenland,  we  shall  find  the 
needle  deviate  farther  and  farther  from  the  north 

*  Mem.  Pari8,  1785,  p.  587. 
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chap.  xv.  as  we  approach  Greenland,  where  the  deviation 
~  will  not  be  less  than  45°  or  50°  west  from  north. 
Even  if  we  examine  a  compass  stationed  in  the 


needle.  same  place  it  will  not  always  continue  to  point 
exactly  in  the  same  direction.  Suppose  when  we 
first  begin  to  make  our  observations  it  were  to  point 
due  north,  after  a  certain  number  of  years,  if  we 
again  observe  the  direction,  we  shall  find  it  to  point 
several  degrees  west  or  east  from  north.  This 
change  in  the  direction  of  the  compass  in  the  same 
place  is  called  the  variation  or  declination.  Accord- 
ing to  Dr.  Halley,  it  was  discovered  by  Gellibrand 
in  1645;  and^according  to  Bond,  it  was  first  noticed 
by  Mr.  John  Mair.  The  following  little  table  will 
show  the  variation  of  the  compass  at  London  from 
the  time  that  it  was  first  observed,  or  at  least  re- 
corded : 

Years.  Variation.  Observers. 

1580  .  11°  15'     0"East      .  Barrows. 

1622  .'-         600  -      .  Gunter. 

1634  i  ',        4      5      0  -      .  Gellibrand. 

1657  i;  000.         .-  Bond. 

1672  ~<C^        2   30      0    West     .  Halley. 

1682  .  4   30      0   -      .  - 

1692  .  600   -      .  Halley. 

1722  .  14    20      0   -      .  Graham. 

1747  .  17   40      0    -      .  Graham. 

1774  .  21    16      0   -     ..i  Cavendish. 

1786  -V.V  23    17      0    -  »"'•'  Gilpin. 

1790  :.  23   39      0   -   '>,  Gilpin. 

1796  .  24     0      0   -  '*•£  Gilpin, 

1800  .  24      3-60   -      «.  Gilpin. 

1809  .  24    11      0   -  -:."  Gilpin. 
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Sect.  I. 


Years. 

Variations. 

Observers. 

1814 

24°  21'  10"  West     . 

Lee. 

1815 

24    17      5   . 

Lee. 

1816 

24    17    54   . 

Lee. 

1817 

24    17      0    . 

Lee. 

1818 

24    15   43    . 

Lee. 

1819 

24    14   47    . 

Lee. 

1820 

24    11    44   . 

Lee. 

1821 

24    11    18    . 

Lee. 

1822 

24      9    55    . 

Lee. 

1823 

24      9    48    . 

Lee. 

We  see  from  this  table  that  it  reached  its  greatest 
western  variation  in  1814,  or  157  years  after  the 
needle  was  observed  by  Bond  to  point  due  north. 
Since  1814,  it  has  been  moving  slowly  eastward. 
And  if  it  take  as  many  years  to  return  as  it  did  to 
proceed  westward,  it  will  reach  the  point  of  no 
deviation  in  the  year  19?1»  Should  it  go  as  far  to 
the  eastward  as  it  did  westwards,  and  take  as  long  a 
time,  it  will  reach  the  easternmost  declination  in  the 
year  2128.  The  total  arc  of  declination  will  be  48° 
35'  48",  and  the  period  occupied  in  passing  over 
the  whole  of  it  will  be  314  years.  This  would  be 
an  alteration  in  the  variation  amounting  at  an  aver- 
age to  9'  IT1  annually.  But  it  is  much  smaller  than 
this  towards  its  western  and  eastern  limits,  while  it 
is  much  more  rapid  when  it  deviates  but  little  from 
due  north.  Thus  during  the  nine  years  that  elapsed 
between  1814  and  1823,  the  progress  eastwards  is 
only  II7  22",  or  only  1'  l"-6  annually.  While  from 
1657  to  1672,  the  declination  west  amounted  to 
2°  30',  or  10'  annually.  Between  1672  and  1682, 
the  increase  amounted  to  2°,  or  12'  annually.  It 

i.  2  N 
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chap.  xv.  was  the  same  nearly  between  1682  and  1692.  Be- 
"tween  1692  and  1722,  the  average  annual  increase 
of  declination  was  16'  40".  This  was  the  maximum. 
After  the  year  1722,  the  rate  diminished  very 
rapidly.  It  seems  to  have  reached  half  way,  or 
about  12°  of  western  declination  about  the  year 
1714,  or  in  57  years.  To  complete  the  other  half 
100  years  were  required.  These  circumstances 
render  it  impracticable  to  calculate  the  length  of 
the  period  of  the  variation  from  any  data  in  our 
possession. 

The  first  person  who  attempted  to  account  for 
the  declination  of  the  needle,  was  Dr.  Halley.  He 
considered  the  globe  of  the  earth  as  constituting 
one  great  magnet,  having  four  poles,  two  to  the 
north  and  two  to  the  south,  at  considerable  and 
unequal  distances  from  the  poles  of  the  earth.  Two 
of  these  poles  (one  to  the  north,  the  other  to  the 
south,)  are  fixed.  The  other  two  are  moveable. 
And  to  account  for  the  motion  of  these  last,  he 
considers  them  as  the  poles  of  an  internal  globe 
concentric  with  that  of  the  earth,  and  not  moving 
with  the  same  velocity  round  its  axis ;  so  that  its 
poles  gradually  fall  behind  those  of  the  external 
globe.*  This  subject  has  been  investigated  with 
much  ingenuity  by  Professor  Hansteen,  of  Chris- 
tiania,  who  has  had  the  advantage  of  another  cen- 
tury, and  a  prodigious  number  of  new  observations. 
He  has  adopted  the  Halleyan  hypothesis,  that  the 
earth  is  a  magnet  with  four  poles,  two  north  and  two 

*  Halley ;  Miscelanea  Cureosa,  vol.  i.  pp.  27  and  43. 
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south.  One  of  the  north  poles  and  one  of  the  south  Scci'-lw ; 
are  much  weaker  than  the  other  two.  The  action 
of  these  poles  on  each  other  occasions  a  slow  change 
in  their  position,  which  is  followed  of  necessity  by 
a  change  in  the  decimation  of  the  needle.  Han- 
steen  calculates  that  these  poles  revolve  round  the 
pole  of  the  earth,  the  one  in  1740  and  the  other  in 
860  years. 

The  strongest  north  pole  is  at  present  situated  in 
north  latitude  73°  53',  and  west  longitude  87°. 
This  is  in  Barrow's  Straits,  a  little  to  the  south-east 
of  Melville  Island.  The  magnetical  observations 
made  during  the  late  voyages  of  Captains  Ross 
and  Parry,  furnished  the  data  from  which  Han- 
steen  calculated  the  situation  of  this  pole. 

The  weakest  north  pole  Hansteen  considers  as 
situated  in  north  latitude  85°  12',  and  east  longi- 
tude 140°  6'.  This  is  in  the  arctic  sea,  to  the  east 
of  Nova  Zembla,  and  not  quite  5  degrees  from  the 
terrestrial  pole.  But  Hansteen  not  considering  the 
position  of  this  pole  as  determined  with  sufficient 
accuracy,  is  at  present  on  a  journey  to  Siberia  in 
order  to  settle  it  from  a  sufficient  number  of  actual 
observations  on  the  declination  and  dip  of  the 
needle,  in  different  stations  on  the  northern  shores 
of  Europe  and  Asia. 

The  strongest  south  pole,  according  to  Hansteen, 
is  situated  in  south  latitude  68°  52',  and  east  lon- 
gitude 132°  35',  not  far  from  the  meridian  of  Van 
Dieman's  Land,  though  greatly  to  the  south. 

The  weakest  south  pole  is  in  south  latitude  78° 
16',  and  west  longitude  135°  59'.  It  lies  in  the 
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chap.  xv.  great  South  Sea,  almost  as  far  to  the  west  of  Cape 
Horn  as  that  promontory  is  west  from  London, 
and  greatly  within  the  polar  circle,  being  less  than 
12  degrees  from  the  south  pole.  These  positions 
of  the  magnetic  poles  of  the  earth  differ  a  good 
deal  from  those  assigned  by  H  alley,  and  are  cer- 
tainly much  nearer  the  truth.  Hansteen  was 
enabled  to  attain  this  approximation  to  accuracy 
by  the  vast  number  of  magnetical  observations  that 
have  been  made  in  all  parts  of  the  world  during 
the  latter  part  of  the  last  century,  and  the  portion 
of  the  present  which  has  elapsed,  chiefly  by  Captain 
Cooke  and  the  other  commanders  of  the  numerous 
voyages  of  discovery,  which  have  been  sent  out  at 
different  times  by  the  British  government. 

4'  In  the  vear  17%®  Mr-  Graham  discovered 
that  the  magnetic  needle  has  a  daily  variation. 
Mr.  Canton  made  a  few  observations  on  this  daily 
variation,  and  gave  the  following  as  the  mean 
monthly  daily  variations  at  London  for  the  year 
1759.  ' 


January  7'  8" 

February  8  58 

March   '  11  17 

April  12  26 

May  13  0 

June  IB  2 1 


July  13'  14" 

August  12  19 

September  11  43 

October  10  36 

November  8  9 

December  6  58 


But  the  most  complete  set  of  observations  on  the 
daily  variation  of  the  needle  were  made  by  Colonel 
Beaufoy.  He  observed  three  times  a  day,  about 
half  past  eight  in  the  morning,  at  noon,  and  about 
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seven  in  the  evening,  and  he  continued  his  obser-    Seci- L 
vations  for  several  years  without  interruption.*  The  ~ 
declination  was  always  least  in  the  morning,  and 
greatest  at  noon.     The  mean  of  observations  kept 
by  him  for  2  years  and  6  months  give  the  declina- 
tions as  follows. 

Morning         .         24°     14'    39" 
Noon  .         24      21     54 

Evening          .         24       16       4*5 

From  Canton's  observations,  it  would  appear  that 
the  declination  increases  with  the  heat  of  the 
weather ;  but  Colonel  Beaufoy  did  not  find  this  rule 
to  hold  in  his  observations. 

More  lately  the  subject  has  been  taken  up  by 
Mr.  Barlow  and  Mr.  Christie,  who  have  published 
important  observations  on  the  diurnal  variation  of 
the  needle  in  the  Philosophical  Transactions.  They 
observe  that  the  needle  begins  to  decline  to  the 
east  early  in  the  morning,  and  obtains  its  greatest 
deviation  eastwards  about  seven  in  the  morning. 
The  needle  then  begins  to  move  westwards  to 
about  half  past  ten  o'clock,  when  the  diurnal  varia- 
tion is  zero.  The  needle  now  begins  to  decline 
westwards,  and  continues  to  do  so  till  about  half 

*  These  valuable  observations  will  be  found  in  the  Annals  of 
Philosophy  (1st  series),  beginning  at  vol.  ii.  and  continuing  till 
the  end  of  vol.  vi.  They  were  again  resumed  in  vol.  ix.  p.  390, 
and  continued  till  vol.  xvi.  including  a  series  of  three  years  and 
nine  months.  In  the  Annals  of  Philosophy  (new  series)  i.  94, 
will  be  found  a  summary  of  all  his  observations,  drawn  up  by  Colonel 
Beaufoy  himself. 
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Chap.  xv.  past  one  or  £WO  o'clock,  when  it  has  reached  its 
maximum.  It  then  begins  to  diminish,  the  needle 
again  moving  eastward.  At  about  5  o'clock  the 
deviation  again  vanishes,  and  the  needle  points 
again  to  the  magnetic  north.  It  continues  to  move 
east  till  late  in  the  evening.* 

*  The  following  table  exhibits  the  mean  monthly  variation  of 
the  compass,  from  April  1817,  to  March  1819,  as  determined  by 
Colonel  Beaufoy. 


From  April,  1817, 
to  March,  1819. 

Years  1817,  and 
1818,  westerly 
variation. 

variation.       evening. 

i   Differ- 
ence in 
1817,  and 
1818. 

Differ.  1 
ence  in    Mean  of 
1818,  and  the  two. 
1819.    1 

;   .. 

f  Morning 

24°  81'  52" 

24°  34'  06""  n  —  ro 

12'51' 

10'  44' 

11'  48'' 

April  . 

1  Noon 

—    44    43 

—    44    50 

n  —  e 

8  45 

8  14 

8  30 

^Evening 

—     35     58 

—     36     36 

e  —  m 

4    6 

2  30 

3  18 

May    ^ 

"  Morning 
1  Noon     ' 

—    32    20 

—    42    35 

—    36     18 
—    45    49 

n  —  m 
n  —  e 

10  15 

7  50 

9  31 

7  14 

9  53 

7  32 

^Evening 

—     34    45 

—    38    35 

e  —  m 

2  25 

2  17 

2  21 

June    . 

[Morning 
Noon 

—    31     09 
—    42     14 

—    33    47  i  n  —  m 
—    45     11   !  n  —  e 

11     5 

8     9 

11  24 
7  31 

11  15 

7  50 

, 

Evening 

—    34     05 

—    37    40 

e  —  m 

2  56 

3  53 

3  25 

July     J 

[Morning 
Noon 

—    31     14 

—    42    06 

—    34    24 
—    44    59 

n  —  m 
n  —  e 

10  52 
6  23 

10  35 
6  45 

10  43 
6  34 

Evening 

—    35     43 

—    38     14 

e  —  m 

4  29 

3  50 

4    9 

Aug.   2 

[Morning 
Noon    * 

—    81     16 

—    42    45 

—    34    40 
—    45    58 

n  —  m 
n  —  e 

11  35 
9    6 

11  18 

8    8 

11  26 
8  34 

'  '/ 

Evening 

—    33    45 

—    37    50 

e  —  m 

2  29 

3  10 

2  52 

Sept.    J 

[Morning 
Noon 

—    33    02 
—     41     36 

—    34    24 
—     45     22 

n  —  m 

n  —  e 

8  34 

6  58 

10  53 

7  54 

9  44 

7  26 

Evening    —     34,    38 

—    37     28 

e  —  m 

1  36 

2  59 

2  18 

Morning  -—31     06 

—    35     36 

n  —  m 

9  40 

7  52 

8  46 

Oct. 

Noon      |  —    40    46 

—     45     28 

\T 

'Morning  —    31    49 

—    33    24 

n  —  m 

6     6 

8  17 

7  10 

iNOV.     ' 

Noon 

—    37    55 

—    41     41 

r%* 

Morning 

—    34    03 

—    37    04 

n  —  m 

3  59 

4  16 

4  07 

L»ec.    • 

Noon 

—    38     02 

—     41     20 

T 

'Morning 

—    34    02 

—    35     42 

n  —  m 

5  55 

4  12 

5  03 

Jan. 

Noon 

—    39    57 

—    39    54 

Tffoh 

Morning 

—    34    22 

—    34     17 

n  —  m 

6  29 

5  88 

6  03 

JP  CD. 

Noon 

—    40    51 

—    39    55 

1 

'"Morning 

—    33     18 

—    83     18 

n  —  m 

8  19 

8  24 

8  22 

March  ^ 

Noon 

—    41     37 

—    41     42 

n  —  e 

7  50 

6  25 

7  07 

^  Evening 

—    33    47 

—    35     17     e  —m 

0  29 

1  59 

1  15 

Mr.  Barlow  has  given  a  very  ingenious  and  plausible  explanation 
of  the  daily  variation,  by  supposing  the  sun  to  possess  a  certain 
magnetic  action  on  the  needle.  See  his  Essay  on  Magnetic 
Attractions,  p.  96. 
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5.  If  a  steel  wire,  supported  horizontally  upon  Sect.  i. 
its  centre  of  gravity,  be  converted  into  a  magnet,  Dip  or  in_ 
it  will  no  longer  remain  horizontal.  The  north chnatlon- 
pole  dips  down  towards  the  earth,  while  the  south 
pole  is  elevated.  This  is  called  the  dip  or  inclina- 
tion of  the  magnetic  needle.  It  was  first  observed 
by  Robert  Norman  in  1576.  He  constructed  an 
instrument  to  measure  the  angle  which  such  a 
needle  made  with  a  supposed  horizontal  needle,  and 
he  states  it  for  London  at  71°  50'.  If  we  carry 
such  a  needle  south  towards  the  equator,  we 
observe  that  the  dip  diminishes  in  proportion  with 
the  diminution  of  latitude  ;  till  at  last  at  a  certain 
point  of  the  earth's  surface  constituting  the  mag- 
netic equator,  the  needle  has  no  dip  at  all,  but 
stands  perfectly  horizontal.  When  we  pass  this 
equator,  the  dip  begins  again  to  make  its  appear- 
ance ;  but  it  is  the  south  pole  which  is  now  sunk 
towards  the  earth,  while  the  north  pole  is  elevated, 
and  the  dip  of  the  south  pole  increases  as  the  lati- 
tude increases. 

To  understand  the  reason  of  this  dip,  we  have 
only  to  recollect  that  the  earth  is  a  magnet,  and 
that  its  poles  are  situated  below  its  surface.  The 
directive  property  of  the  needle,  is  owing  to  the 
attraction  of  these  poles.  When  the  needle  is  on 
the  north  side  of  the  magnetic  equator,  the  earth's 
north  poles  will  have  the  greatest  effect,  and  the 
needle  will  point  directly  to  that  north  pole,  which 
is  so  situated  as  to  have  the  greatest  intensity 
relative  to  the  needle.  If  the  needle  was  directly 
over  that  pole,  its  north  pole  pointing  to  it 
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chap.  xv.  would  cause  the  needle  to  assume  a  position 
perpendicular  to  the  horizon.  The  farther  south 
it  is,  the  greater  will  be  the  action  of  the  earth's 
south  poles.  This  will  occasion  a  diminution  of 
the  dip.  At  the  magnetic  equator  both  the  north 
and  south  poles  will  act  with  equal  energy  on  the 
needle.  The  consequence  must  be  that  it  will 
assume  a  direction  perfectly  perpendicular.  To  the 
south  of  the  magnetic  equator,  the  south  poles  of  the 
earth  will  act  more  powerfully  upon  the  needle 
than  the  north  poles.  Hence  the  south  pole  of  the 
needle  will  begin  to  dip,  and  this  dip  will  increase 
as  we  advance  southwards. 

As  the  magnetic  poles  do  not  coincide  with  the 
terrestrial  poles,  it  is  obvious  that  the  magnetic 
equator  cannot  coincide  with  the  terrestrial  equator. 
From  the  numerous  observations  made  in  different 
parts  of  the  torrid  zone,  there  is  reason  to  con- 
Magnetic  elude  that  the  magnetic  equator  is  distant  at  a 

equator. 

maximum  about  12°  from  the  earth's  equator.  It 
would  appear  to  be  a  great  circle  of  the  sphere 
cutting  the  earth's  equator,  in  west  longitude  about 
113°,  or  a  little  to  the  west  of  Gallego  in  the  Pacific 
Ocean,  and  in  east  longitude  67°  in  the  Indian 
Ocean.  But  in  all  parts  of  the  Pacific  Ocean,  to 
the  west  of  the  Gallipago  Node,  there  must  exist 
another  magnetic  equator,  as  is  obvious  from  the 
observations  of  Cooke,  Bailey,  and  various  other 
observers.  It  must  cut  the  equator  once,  if  not 
twice,  between  Gallipago  and  the  Chinese  Sea. 
Indeed,  the  existence  of  four  terrestrial  poles  ought 
to  give  origin  to  different  magnetic  equators,  in 


OF  MAGNETISM.  553 

different  parts  of  the  globe.  For  a  magnetic  Sect- L 
equator  is  merely  a  place  where  the  north  and  south 
poles  of  a  magnet  are  equally  acted  upon  by  the 
terrestrial  poles.  The  nodes  of  the  magnetic  equator 
must  of  course  shift  their  positions,  as  the  magnetic 
poles  of  the  earth  by  acting  upon  each  other  alter 
their  direction.  Probably  they  will  be  found  to 
revolve  slowly  round  the  earth's  equator. 

The  dip  of  the  needle  or  the  inclination  in  the 
same  place,  undergoes  a  slow  change  as  well  as  the 
declination,  and  doubtless  depending  upon  the  same 
cause,  the  gradual  alteration  in  the  position  of  the 
earth's  magnetic  poles.  The  following  table  exhibits 
the  amount  of  the  dip  in  London,  during  an  interval 
of  245  years,  according  to  the  best  observations 
which  have  been  made. 

Years.  Dip.  Observers. 

1576  .  .  71°  30'  .  .  Norman,* 

1600  .  72   00          .  .  Gilbert, 

1676  .  .  73    47          .  .  Bond,* 

1720  75    10          .  Whiston,* 

1723  .  .  75    00          .  .  Graham,* 

1772  .  .  72    19  ,.  .  Nairne,f 

1776  ^     .?  72    30          .  .  Cavendish, J 

1805  .  '%'"  70    21  ';  ."'  .  Gilpin,|| 

1821  .  70      3  V?  1  Sabine.§ 

*  As  given  by  Cavendish,  in  his  paper  on  the  Meteorological 
Instruments  of  the  Royal  Society.  Phil.  Trans.  1776,  p.  375. 
Some  of  Mr.  Graham's  observations  only  gave  a  dip  of  73°  307. 

f  Phil.  Trans.  1772,  p.  476.        {  Ibid.  1776,  p.  375. 

||  Ibid.  1806.     Meteorological  Table. 

§  Ibid.  1822,  p.  1. 
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chap.  xv(  From  this  table  it  appears,  that  the  dip  reached 
its  maximum  in  London,  about  the  year  1720,  and 
that  it  has  been  diminishing  ever  since.  But  the 
difficulty  of  constructing  an  accurate  dipping  needle 
is  so  great,  that  all  the  observations  hitherto  made, 
can  be  considered  only  as  approximations. 

The  following  table  exhibits  the  amount  of  the 
dip  at  Paris,  in  N.  latitude  48°  50'  14",  and  East 
longitude  from  Greenwich  9'  21"-6*  during  a  series 
of  147  years. 

1671  .  75°  0'  .  .  Picard. 

1754  .  .       72  15  .  .  LaCaille. 

1776  .  72  25  .  .  Le  Monnier. 

1780  .  71  48  .  .  Cassini. 

1798  .  69  51  .  .  Humboldt. 

1810  .  68  50  .  .  f 

1818  .  .       68  35  .  .  f 

If  we  except  the  observations  of  Lemonnier,  the 
dip  has  been  constantly  diminishing  at  Paris  since 
the  year  1671,  when  it  probably  exceeded  the  dip 
in  London. 

The  annual  diminution  of  the  dip  in  London  at 
present,  amounts  nearly  to  3'. 

6.  Mr.  Barlow  of  Woolwich,  in  his  experimental 
investigations,  in  order  to  discover  a  method  of 
correcting  the  deviation  of  the  needle  on  shipboard 
occasioned  by  the  iron  on  board  the  vessel,  discov- 

f s  "here  °f  ere(^  ^a^  ^erc  *s  a  P^ane  passing  through  every 
iron  sphere  in  which,  if  the  centre  of  a  needle  be 

*  See  Phil.  Trans.  1826,  p.  77. 

t  These  two  copied  from  Dupretz  Traite  de  Physique,  p.  446. 
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situated,  the  iron  sphere  has  no  effect  in  altering  s«*.  i. 
the  declination  of  the  needle.  This  plane  at  Wool- 
wich was  inclined  about  20°  to  the  horizon.  It 
was  therefore  perpendicular  to  the  dip  of  the 
needle.*  The  reason  of  the  non  effect  of  iron  upon 
a  needle  whose  centre  is  in  this  plane  is  sufficiently 
obvious.  The  iron  must  act  equally  upon  both 
poles  of  the  needle.  It  cannot  therefore  have  any 
tendency  to  alter  its  declination.  When  the  needle 
is  any  where  out  of  that  plane,  one  of  its  poles 
being  more  attracted  than  the  other,  it  deviates 
from  its  true  position,  and  Mr.  Barlow  succeeded 
in  determining  the  law  of  this  deviation.! 

7.    Another   very   important    general   fact,    for 


which  we  are  indebted  to  Mr.  Barlow,  is  that  thetio"altothe 

surface. 

intensity  of  the  action  of  iron  on  a  magnetic 
needle,  is  proportional  to  its  surface,  not  to  its 
solid  contents.  So  that  a  hollow  sphere  of  iron, 
however  thin,  has  as  great  an  effect  upon  a  needle 
as  a  solid  iron  sphere  of  the  same  size. 

8.  It  was  supposed  at  first  that  iron  or  substances  other  mag- 

.     .  -i  i         /»    i  neticbodies. 

containing  ron,  were  alone  susceptible  or  the  mag- 
netic influence.  But  it  was  afterwards  observed, 
that  cobalt  and  nickel  are  also  magnetic  metals, 
and  that  like  steel  they  may  be  converted  into  per- 
manent magnets.  Coulomb  shewed,  that  all  bodies 
were  to  a  certain  extent  susceptible  of  magnetic  in- 
fluence. 

9.  White  hot  iron  has  no  effect  upon  the  magne-  .™*0Jot 

magnetic. 

*  Essay  on  Magnetic  Attractions,  p.  6. 
f  See  his  Essay  on  Magnetic  Attractions. 
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chap.  xv.  tic  needle ;  but  as  the  iron  cools  it  begins  to  act, 
~  and  it  acts  most  powerfully  at  what  is  called  a 
blood  red  heat.  Mr.  Barlow  and  Mr.  Charles 
Bonnycastle  observed,  that  between  a  bright  red 
and  a  blood  red  heat,  it  acts  in  the  opposite  way 
from  what  it  does  when  cold.  That  is  to  say,  if  it 
attracts  the  north  pole  of  the  needle  when  cold,  it 
will  attract  the  south  pole  at  the  temperature  above 
specified.* 

Needle  de-       iQt  ]yjr.  Barlow  ascertained,  that  when  a  magne- 

flected  by 

motion,  tic  needle  is  placed  at  a  certain  distance  from  a 
mass  of  iron,  the  needle  is  deflected  when  the  iron 
is  put  into  rapid  motion.  To  observe  the  effects 
properly,  the  needle  should  be  neutralized  from  the 
action  of  terrestrial  magnetism,  by  magnets  pro- 
perly placed.  When  this  is  attended  to,  and  the 
iron  put  in  motion  ;  if  the  direction  of  the  motion 
be  towards  the  needle,  the  north  pole  is  deflected 
about  30°  towards  the  iron ;  when  the  motion  is 
from  the  needle,  the  north  pole  is  deflected  about 
30°  from  the  mass  of  iron.  When  the  needle  is  in 
the  line  of  the  axis  of  motion,  it  suffers  no  deflec- 
tion whatever.t 

^Ketai  11*  About  the  year  1824,  M.  Arago  discovered, 
motfonSin  ^a^  w^en  plates  of  copper  and  other  substances 
are  set  in  rapid  rotation  beneath  a  magnetized 
needle,  they  cause  it  to  deviate  from  its  direction, 
and  finally  drag  it  along  with  them.  This  curious 
fact  was  repeated  and  verified  by  Messrs.  Herschel 
and  Babbage  in  the  year  1825.  These  gentlemen 

*  Phil.  Trans.  1822,  p.  117.  t  Ibid.  1825,  p.  117. 
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then  mounted  a  powerful  compound  horse  shoe 
magnet  capable  of  lifting  20  pounds,  in  such  a 
manner,  as  to  receive  a  rapid  rotation  about  its  axis 
of  symmetry  placed  vertically,  the  line  joining  the 
poles  being  horizontal  and  the  poles  upwards.  A 
circular  disc  of  copper,  6  inches  in  diameter,  and 
0*85  inch  thick,  was  suspended  centrally  over  it  by 
a  silk  thread  without  torsion,  just  capable  of  sup- 
porting it.  A  sheet  of  paper  properly  stretched 
was  interposed,  and  no  sooner  was  the  magnet  set 
in  rotation,  than  the  copper  commenced  revolving 
in  the  same  direction,  at  first  slowly,  but  with  a 
velocity  gradually  and  steadily  accelerating.  The 
motion  of  the  magnet  being  reversed,  the  velocity 
of  the  copper  was  gradually  destroyed ;  it  rested 
for  an  instant,  and  then  immediately  commenced 
revolving  in  the  opposite  direction.  This  alteration 
of  direction  might  be  repeated  at  pleasure. 

The  rate  of  rotation  was  not  diminished  by  inter- 
posing between  the  copper  and  the  revolving  mag- 
net plates  of  paper,  glass,  wood,  copper,  tin,  zinc, 
lead,  bismuth,  or  antimony.  But  it  was  greatly 
diminished  when  the  substance  interposed  was  iron. 
One  sheet  of  tin  plate  reduced  the  rate  of  rotation 
to  about  jth  part,  and  two  sheets  almost  destroyed 
it  altogether. 

When  discs  of  other  metals  were  substituted  for 
copper,  they  were  found  also  capable  of  being  made 
to  rotate,  though  with  different  degrees  of  rapidity. 
The  order  of  the  different  metals,  and  the  intensity 
of  the  force  of  each,  that  of  copper  being  reckoned 
1,  was  as  follows  : 
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Copper         .         .         .  1 

Zinc     ....  0-90 

Tin      .         .          .         .  0-47 

Lead  ....  0-25 

Antimony     .         .         .  0*11 

Bismuth       .         .         .  0-01 

Wood  .         .         .  0-00 

When  these  discs  were  cut  with  a  pair  of  scissors 
in  various  radii,  stretching  from  the  circumference 
nearly  to  the  centre,  the  force  was  greatly  weak- 
ened 5  but  it  was  nearly  restored  again  by  soldering 
these  intervals  with  any  metal  whatever. 

Silver  was  found  to  hold  a  high  rank  among 
the  metals,  and  gold  a  very  low  one.  Mercury  lies 
between  antimony  and  bismuth.  The  only  other 
substance  in  which  any  traces  of  magnetism  has 
been  perceived  besides  the  metals,  is  charcoal  in 
that  curious  state  in  which  it  is  deposited  at  a  red 
heat  from  coal  gas,  lining  the  retorts  and  rendering 
them  gradually  useless. 

Copper  revolving  produced  no  effect  upon  copper. 
It  was  always  necessary  in  order  that  motion  should 
be  produced,  that  one  of  the  bodies  should  be  a 
magnet.  It  is  obvious  from  this  that  magnetism  is 
introduced  into  copper,  and  the  other  metals  simply 
by  induction.  Messrs.  Babbage  and  Herschel 
have  explained,  in  a  very  ingenious  manner,  how 
in  consequence  of  this  magnetism  by  induction,  the 
rotations  produced  in  these  experiments  may  be 
explained.* 

*  Phil.  Trans.  1825,  p.  467.  See  also  valuable  experiments  on 
the  same  subject  by  Mr.  Christie,  ibid.  p.  497. 


OF  MAGNETISM.  559 

12.   The  intensity  of  the  directive  force  of  a   sect.  i. 
magnetic  needle,  may  be  measured  by  causing  the  Mode  of 
needle  to  vibrate  in  small  arches,  and  counting  the  Jhe"tei"ft7 
number  of  vibrations  performed  in  a  given  time :  Acting1" 
the  intensity  of  the  directing  force  being  inversely fo 
as  the  square  of  the  number  of  vibrations.     Pre- 
cisely as  the  variation  of  gravitation  is  determined 
by  transporting  the  same  pendulum  from  one  part 
of  the  earth  to  another,  and  reckoning  the  number 
of  vibrations  made  in  a  given  time,  the  force  of 
gravitation,   as  is  well  known,  is  inversely  as  the 
square  of  the  number  of  vibrations.     It  is  easy  to 
show  that  the  same  law  must  hold  with  respect  to 
the  directive  force  of  magnetism. 

I  have  endeavoured,  in  the  preceding  observations, 
to  lay  a  short  view  of  the  principal  facts  respecting 
magnetism  before  the  reader,  without  entering  into 
minute  details  or  attempts  to  connect  them  by  any 
theory  ;  though  the  connexion  between  electricity 
and  magnetism  is  so  close,  that  the  same  theory 
slightly  modified  must  apply  to  both.  There  may 
be  conceived  to  exist  two  magnetic  fluids,  the 
boreal  and  austral.  The  particles  of  the  same  fluid 
repel  each  other,  while  boreal  magnetism  attracts 
austral  with  a  force  inversely  as  the  square  of  the 
distance.  This  hypothesis,  with  certain  supposi- 
tions respecting  conducting  and  non-conducting 
bodies,  would  enable  us  to  explain  all  the  pheno- 
mena of  magnetism  with  considerable  success. 
But  the  object  of  the  preceding  sketch  was  merely 
to  enable  the  reader  to  understand  the  facts  re- 
specting electro-magnetism  which  I  am  now  going 
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chap.  xv.  to  state,  and  which,  for  some  years  past,  have  drawn 
much  of  the  attention  of  the  scientific  world. 


SECTION  IT. 
OF  ELECTRO-MAGNETISM. 

It  had  been  observed  as  long  ago  as  the  time  of 
Dr.  Franklin,  that  electricity  has  a  sensible  action 
on  the  magnetic  needle.  After  the  discovery  of  gal- 
vanism, many  curious  observations  on  the  subject 
were  made  by  Ritter ;  but  they  were  too  vague  to 
lead  to  any  important  conclusions.  The  great  dis- 
covery was  made  by  Professor  CErsted  of  Copen- 
hagen in  the  year  1819- 
Action  of  i.  He  ascertained  that  if  a  magnetic  needle  be 

the  wire  or  ° 

a  galvanic  presented  to  the  wire  which  unites  the  two  poles 

pile  on  the    r  r 

needle.  of  a  galvanic  pile  in  full  action,  it  is  attracted  by  it, 
and  the  needle  has  a  tendency  to  arrange  itself  at 
right  angles  to  the  conducting  wire.  If  the  needle 
be  above  the  conducting  wire,  (supposed  in  the  mag- 
netic meridian),  the  north  pole  turns  to  the  left  of 
the  current  of  positive  electricity.  If  it  be  below  the 
conducting  wire,  the  same  pole  turns  to  the  right. 
When  the  needle  is  placed  on  the  west  side  of  the 
conducting  wire,  (supposed  to  be  nearly  in  the  mag- 
netic  meridian,)  and  parallel  to  it,  the  north  pole  will 
be  elevated.  But  when  placed  on  the  east  side  of 
the  conducting  wire,  the  north  pole  is  depressed. 

2.  The  phenomena  of  electro-magnetism  are 
best  observed  when  only  a  single  pair  of  plates  is 
used,  and  the  larger  the  size  of  the  plates,  the 
better  can  the  phenomena  be  observed.  A  good 
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apparatus  for  the  purpose  consists  in  a  box  of  s«ct'  n- 
copper  composed  of  two  copper  plates  each  about 
a  foot  square,  and  about  fths  of  an  inch  distant. 
A  bottom  and  ends  of  copper  are  soldered  to  their 
sides  so  as  to  complete  the  box.  In  the  centre 
between  the  two  sides  and  not  touching  the  copper 
anywhere,  a  zinc  plate  of  nearly  the  same  size  as 
the  copper,  is  fixed  either  by  means  of  baked  wood 
or  sealing  wax.  When  this  vessel  is  filled  with 
dilute  nitric  acid,  and  the  copper  and  zinc  plates 
are  connected  by  a  wire,  most  of  the  phenomena 
of  electro-magnetism  may  be  exhibited  by  means 
of  this  wire. 

3.  To  form  a  conception  of  the  cause  of  this  dif- 
ference  in  the  declination  and  inclination  of  the  exi)lained- 
needle  according  to  its  position,  we  may  suppose 

that  the  current  of  electricity  moves  in  a  spiral 
direction  round  the  conducting  wire,  moving  from 
left  to  right.     This  will  be  understood  by  inspect- 
ing the  figure  in  the  margin,       ^^     B      ^ 
in  which  A  represents  a  sec- 
tion of  the  conducting  wire, 
and  the  arrows  B,   B,  B,  B  Bj 
represent    the     direction    in 
which    the   current   of  elec-  -! 
tricity  moves  round  A.     It  is 
obvious  from  the  position  of 
these  arrows  that  the  action  on  the  magnetic  needle 
ought  to  be  opposite  above  and  below,  and  likewise 
upon  the  left  and  right  of  the  conducting  wire. 

4.  M.  Ampere,  to  whom  we  are  indebted  for  an 
investigation  of  the  phenomena  of  electro-magnet- 

i.  2  o 
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chap.  xv.  ism  conducted  with  much  sagacity,  discovered  that 
Elcctric  when  two  electric  currents  are  moving  in  the  same 
movintsthe  direction  in  conducting  wires  parallel  to  each  other 
same  way  they  attract,  but  when  moving  in  opposite  direc- 


attract. 


tions  they  repel.  He  contrived  to  place  parallel 
to  each  other  two  conducting  wires,  uniting  the 
negative  and  positive  poles  of  a  galvanic  battery. 
One  of  these  conducting  wires  was  moveable,  and 
the  consequence  was,  that  it  was  attracted  by  and 
made  to  approach  the  immoveable  conducting  wire. 
When  the  currents  of  electricity  were  moving  con- 
trary ways,  the  moveable  conducting  wire  was 
repelled  and  receded  from  the  immoveable.  As 
similar  electricities  repel  and  dissimilar  attract,  this 
phenomenon  may  appear  at  first  sight  inconsistent 
with  the  laws  of  electricity.  But  the  simple  in- 
spection of  the  figure 
in  the  margin  will  serve 
to  render  it  intelligible. 
A  and  B  are  sections 
of  the  two  conducting 
wires ;  and  the  arrows  indicate  the  way  in  which 
the  electric  currents  move  along  them  in  a  spiral 
direction.  It  is  obvious  from  the  directions  of  the 
arrows  c  and  d,  that  negative  and  positive  elec- 
tricity are  directly  opposite  to  each  other,  and  that 
of  course  the  wires  ought  to  attract  each  other  as 
they  are  found  to  do.  This  way  of  accounting  for 
the  phenomena  of  electro-magnetism  was  first  em- 
ployed by  GErsted.  It  was  afterwards  used  by 
others;  particularly  by  Dr.  Wollaston  and  M. 
Ampere,  with  much  felicity. 
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5.  M.  Arago  and  Sir  Humphrey  Davy  observed  s**-  "• 
about  the  same   time   that   the   conducting  wire 
while  the  pile  is  in  activity  attracts  iron  filings; 

but  the  moment  the  contact  is  interrupted,  the 
filings  drop  off.  But  bodies  not  magnetic  are  not 
attracted  by  it;  showing  that  the  phenomenon 
cannot  be  explained  upon  the  common  principles 
of  electrical  attraction. 

6.  Arrago  observed  that  if  a  copper  wire  be 
wound  spirally  round  a  glass  tube,  and  then  made 
to  unite  the  two  poles  of  a  galvanic  pile,  if  a  steel 
needle  be  introduced  into  the  inside  of  the  tube,  it 
is  instantly  converted  into  a  magnet.     If  the  needle 
be  left  too  long  in  the  tube,  the  magnetic  properties 
are  again  weakened  or  even  destroyed.     The  best 
way  is  to  hold  the  needle  in  the  hand,  and  intro- 
duce it  about  half  way  into  the  tube  and  then 
withdraw  it,  the  magnetic  virtue  will  be  acquired 
as  completely  as  if  it  had  been  wholly  within  the 
tube.      If  common    electricity   be   made   to   pass 
along  the  spiral  conducting   wire,  the   needle  is 
equally  converted  into  a  magnet. 

7.  M.  De  la  Rive  fixed  two  small  plates  of  zinc 
and  copper  beside  each  other,  and  attached  them 
to  a  piece  of  cork.     The  two  plates  were  connected 
together  by  a  brass  wire  wound  into  a  spiral.    When 
this  little  apparatus  was  placed  upon  the  surface  of 
an    acid   liquid,    the   plate   being   undermost  and 
allowed  to  float  at  pleasure,  it  arranged  itself  in 
the    magnetic   meridian    in    consequence   of   the 
polarity  of  the  spiral  wire. 

8.  Advantage  was  taken  of  this  property  which 
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chap.  xv.  a  spiral  wire  has  of  increasing  the  intensity  of  the 

~  action  of  the  electric  current  on  the  magnet,  by 

Schweigger  and  Poggendorf,  to  construct  a  very 

Electric,     useful  little  instrument  called  the  electric  multiplier. 

multiplier. 

By  its  means  the  presence  of  a  much  smaller  cur- 
rent of  electricity  can  be  detected,  than  by  any 
other  known  means.  A  common  brass  wire  is 
taken  and  coiled  round  with  silk  thread,  in  order  to 
insulate  the  wire.  This  wire  is  then  lapped  round 
the  hand  or  a  piece  of  wood  50,  100,  or  200  times. 
The  greater  the  number  of  repetitions,  the  more 
powerfully  does  it  act.  This  hank  of  wire  is  kept 
in  its  position  by  tying  it  with  silk  threads,  and  the 
two  extremities  of  the  wire  are  left  loose  and  of 
some  length.  When  these  two  extremities  are 
brought  in  contact  with  a  galvanic  pile  in  action, 
the  current  of  electricity  passes  through  all  the 
windings  of  the  wire.  If  we  place  a  magnetic 
needle  very  moveable  upon  a  proper  support  in  the 
middle  of  this  hank  of  wire,  it  is  immediately  affected 
and  tends  to  turn  itself  so  as  to  be  at  right  angles 
to  the  hank.  The  power  of  the  multiplier  increases 
with  every  turn  of  the  wire.  It  may  therefore  be 
made  so  powerful  as  to  detect  exceedingly  minute 
electrical  currents.  Various  modifications  of  this 
multiplier  have  been  made.  A  ribbon  of  copper 
covered  with  silk  and  wound  a  great  many  times 
round  and  fixed  in  a  frame  answers  very  well.* 


*  Those  who  are  curious  on  this  subject,  will  find  the  different 
modifications  of  the  doubler  described  in  Gilbert's  Annalen  der  Phy- 
sik.  Tom.  Ixvii.  Ixx.  Ixxi.  Ixxii.  Ixxiii. 
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9.  Next  to  the  discoveries  of  Professor  CErsted,  8gct>  1L 
those  of  Mr.  Faraday  on  electro-magnetism*  are  Di*coTerie« 
by  far  the  most  important.  He  first  observed  that° 
the  position  of  the  magnetic  needle  with  respect  to 
the  conducting  wire,  greatly  modified  the  effects 
produced.  He  ascertained  that  the  apparent  attrac- 
tion of  the  needle  on  one  side,  and  its  consequent 
repulsion  on  the  other,  did  not  occur  under  all  cir- 
cumstances ;  but  that  according  as  the  wire  was 
placed  nearer  to  or  farther  from  the  pivot  of  the 
needle,  attractions  or  repulsions  were  produced  on 
the  same  side  of  the  wire.  When  the  wire  is  made 
to  approach  perpendicularly  towards  one  pole  of 
the  needle,  the  pole  will  pass  off  on  one  side  in  that 
direction  which  the  attraction  and  repulsion  at  the 
extreme  point  of  the  pole  would  give.  But  if  the 
wire  be  continually  made  to  approach  the  centre  of 
motion  by  either  the  one  or  the  other  side  of  the 
needle,  the  tendency  to  move  in  the  other  direc- 
tion diminishes :  it  then  becomes  null,  and  the 
needle  is  quite  indifferent  to  the  wire.  And  ulti- 
mately the  motion  is  reversed,  and  the  needle  power- 
fully endeavours  to  pass  the  opposite  way. 

From  these  facts,  Mr.  Faraday  concluded  that 
the  centre  of  magnetic  action  or  the  true  pole  of 
the  needle  is  not  placed  at  its  extremity,  but  in  its 
axis  at  a  little  distance  from  the  extremity  and 
towards  the  middle, — that  this  point  has  a  tendency 
to  revolve  round  the  wire,  and  necessarily  therefore 
«»  •  i*j 

*  They  will  he  found  in  the  12th  volume  of  the  Journal  of  the 
Royal  Institution. 
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Chap.  xv.  the  wire  round  the  point.     And  as  the  same  effects 

in  the  opposite  direction  take  place  with  the  other 

pole,  Mr.  Faraday  concluded  that  each  pole  had 

Rotation  of  the  power  of  acting  on  the  wire  by  itself,  and  not 

round  the  as  anv  part  of  the  needle  or  as  connected  with  the 

magnet.  »    L 

opposite  pole.  The  attractions  and  repulsions,  he 
viewed  merely  as  exhibitions  of  the  revolving 
motion  in  different  parts  of  the  circle. 

After  many  unsuccessful  attempts,  Mr. 
Faraday   at   last   succeeded   in   verifying 
the  existence  of  this  revolving  motion  by 
the    following    ingenious   apparatus.      A 
small  quantity  of  mercury  was  put  into 
the  bottom  of  the  tube  A,  (see  fig.  in  the 
margin,)  closed  below  with  a  cork,  and  a 
small  magnet,  b,  was  passed  through  the 
cork,  and  made  to  project  above  the  sur- 
face of  the  mercury.     A  piece  of  clean 
copper  wire,  c,  was  taken  about  two  inches 
in  length,  and  amalgamated  at  both  ends. 
A  small  loop  was  formed  at  one  end,  by  which  it 
was  suspended  from  a  wire,  passing  through  a  cork 
in  the  upper  extremity  of  the  tube,  and  terminating 
in  another  loop.     This  gave  the  copper  wire  free 
motion.     It  was  of  such  a  length,  that  the  move- 
able  end  just  dipped  into  the  mercury.     The  mer- 
cury was  now  connected  with  one  of  the  poles  of  a 
galvanic  battery  by  means  of  the  magnet,  while  the 
wire  at  the  top  of  the  tube  was  connected  with  the 
other   pole.     The   moveable   copper   wire    imme- 
diately began  to  revolve  round  the  magnetic  pole, 
and  continued  to  do  so  as  long  as  the  contact  con- 
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tinued.     On  bringing  the  magnetic  pole  from  the  Sect.  n. 
centre  of  motion  to  the  side  of  the  wire,  there  was  " 
neither  attraction  nor  repulsion ;  but  the  wire  en- 
deavoured to  pass  off  in  a  circle,  still  leaving  the 
pole  for  its  centre,  and  that  either  on  one  side  or 
the  other  according  to  circumstances. 

All  the  directions  of  the  motion  are  reducible  to 
two.  When  a  current  of  electricity  passes  through 
the  wire,  the  north  pole  rotates  in  one  direction, 
and  the  south  pole  in  the  other.  Suppose  the  ex- 
tremity of  the  moveable  wire  dipping  into  the  mer- 
cury to  be  negative,  then  the  motion  is  in  the  same 
direction  as  that  of  the  hands  of  a  watch,  if  we  sup- 
pose the  watch  lying  with  its  face  corresponding 
with  the  surface  of  the  mercury  in  the  tube.  If 
the  lower  point  of  the  moveable  wire  be  positive, 
the  revolution  takes  place  in  the  contrary  direction. 
If  the  wire  be  made  fast,  and  the  magnetic  pole  be 
made  to  revolve  round,  the  motion  is  similar  and 
in  the  same  direction. 

This  first  simple  arrangement  was  varied  exceed- 
ingly by  Mr.  Faraday  and  other  persons,  and  a 
great  variety  of  pieces  of  apparatus  contrived  to  ex- 
hibit the  revolutions  of  magnetic  poles  round  con- 
ducting  wires,  or  rather  indeed  of  conducting  wires 
round  magnetic  poles.*  Many  curious  and  amus- 
ing exhibitions  have  been  the  result,  though  very 

*  These,  it  would  not  suit  the  limited  views  of  the  author  of 
this  very  short  sketch,  to  describe  here.  A  considerable  number 
of  them  will  be  seen  figured  and  described  in  Mr.  Watkins'  Popu- 
lar Sketch  of  Electro-magnetism  and  Electrodynomics,  published 
in  1828.  Taylor,  London. 
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chap.  xv.  little  has  been  added  to  Mr.  Faraday's  original  and 
important  discovery. 

These  curious  phenomena  seem  to  me  to  throw 
some  doubt  on  the  theory,  originally  proposed  by 
Professor  CErsted,  to  explain  the  facts  which  he 
had  discovered  in  electro-magnetism.  He  sup- 
poses that  two  opposite  currents  of  electricity  are 
moving  in  spirals  from  the  two  different  poles  of 
the  galvanic  battery.  From  the  positive  pole  there 
passes  a  current  of  positive  electricity  to  the  nega- 
tive pole,  and  from  the  negative  pole,  a  current  of 
negative  electricity  to  the  positive  pole.  These 
two  currents  move  in  opposite  spirals,  yet  though 
they  must  be  continually  crossing  each  other,  they 
cannot  combine,  otherwise  there  would  be  an  end 
of  the  electricity.  For  when  the  two  electricities 
unite,  all  excitement  disappears. 

According  to  CErsted  the  negative  electricity 
propels  the  north  pole  of  a  magnet,  but  has  no 
effect  upon  the  south ;  while  positive  electricity 
propels  the  south  pole,  but  has  no  power  over  the 
north  pole. 

The  most  elaborate  theory  of  electro-magnetism, 
is  that  of  Ampere,  to  whom  we  are  indebted  for 
some  very  ingenious  modifications  of  the  apparatus, 
and  some  discoveries  of  considerable  importance. 
He  refers  magnetism  entirely  to  electricity,  and 
explains  all  the  phenomena  of  magnetism  by  the 
action  of  electrical  currents,  moving  at  right  angles 
to  the  magnetic  meridian.  It  would  be  impossible 
to  discuss  this  theory,  or  even  to  render  it  intelligi- 
ble to  the  reader,  without  entering  into  details 
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which  would  swell  this  sketch  to  a  length,  greatly  Sect.  in. 
beyond  what  would  be  proper.  I  must  therefore 
refer  the  readers  who  wish  to  investigate  the  nature 
of  Ampere's  theory,  to  his  own  papers  on  the  sub- 
ject of  Electro-magnetism,  in  the  15th  and  some 
subsequent  volumes  of  the  Annales  de  Chimie  and 
de  Physique.  They  will  amply  repay  the  trouble 
of  a  careful  perusal.  For,  even  if  we  should  feel 
disposed  to  reject  the  theory,  as  too  bold  for  the 
present  state  of  our  knowledge,  the  multiplicity  of 
new  and  important  facts  which  Ampere's  papers 
contain,  and  the  ingenuity  and  plausibility  with 
which  he  supports  his  views,  must  always  give 
them  a  distinguished  place  in  the  Annals  of  Elec- 
tro-Magnetism. 

SECTION  III. 
OF  THERMO-ELECTRICITY. 

The  magnetic  needle  is  so  delicate  a  test  of  the  Electricity 

-.  evolved  by 

presence  of  an  electric  current,  however  small,  that  heating  two 
it    has   enabled   men   of   science   to   discover  its 
existence,  where  it  was  not  before  suspected  to 
exist.     Sebeck  discovered  that  if  a  bar  of  antimony, 

A,  (see  fig.  in  the  mar- 
gin,) eight  inches  long, 
and  about  an  inch  wide, 

have  a  slip  of  copper  A. 

B,  or  a  copper  wire  soldered,  or  firmly  tied  to  its 
two  extremities,  and  bent  into  a  rectangular  shape, 
if  we  apply  the  heat  of  a  lamp  to  one  of  the 
extremities  of  the  antimony  bar,  a  needle  placed 
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chap.  xv.  within  the  current  as  at  C,  will  be  deflected  from 
~  the  magnetic  meridian,  and  will  tend  to  place  itself 
at  right  angles  to  the  antimony  bar ;  showing  that 
a  current  of  electricity  is  passing  through  the  cir- 
cuit composed  of  the  antimony  and  copper.*  Do- 
bereiner  repeating  this  experiment,  the  bar  A  being 
of  antimony,  and  B  of  copper,  found  that  the  heat 
of  the  hand  was  sufficient  when  applied  to  one  of 
the  extremities  of  A,  to  cause  the  needle  to  deflect 
ten  or  twelve  degrees  from  the  magnetic  meridian.t 

Of  the  metals,  bismuth  and  antimony  are  the  two 
which  produce  the  greatest  effect,  when  they  are 
used  together ;  bismuth  being  the  most  negative, 
and  antimony  the  most  positive  of  all  the  metals 
hitherto  tried,  as  thermo -electrics. 

An  important  series  of  experiments  was  made 

upon  the  metals,  as.  termo-electrics,    by  Dr.  Trail 

of  Liverpool,  and  Mr.  Scoresby4  and  likewise  by 

Professor  Gumming  of  Cambridge.  ||     He  found  the 

Order  of    order  of  the  metals,  as  thermo-electrics,  beginning 

the  metals.        .  A ,       . ,  .  -  .          .  .   ,        , 

with  the  most  negative,  and  terminating  with  the 
most  positive,  as  follows  : 

1  Galena,  5P  latinum, 

2  Bismuth,  6  Palladium, 

3  Mercury,)  7  Cobalt,      \ 
4f  Nickel,     J  Manganese,  J 


*  Annals  of  Philosophy,  (2d  Series,)  iv.  318.     And  Gilbert's 
Annalen  der  Physik,  Ixxiii.  430. 
t  Ibid.  p.  115. 

$  Edinr.  Phil.  Trans,  ix.  465,  and  Annals  of  Philosophy,  vi.  449. 
j|  Annals  of  Philosophy,  (2d  Series,)  v.  427;  vi.  177,  288,  322. 
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8  Tin,  Silver,  Sect.  III. 

Lead,  Zinc, 

Brass,  Charcoal,    ^ 

Rhodium,  Plumbago,  5 

Gold,  Iron, 

Copper,  Arsenic, 

Ore  of  iridium  and  osmium,   Antimony. 

The  place  of  tellurium  in  the  series  is  immediately 
above  antimony. 

Every  one  of  the  metals  in  this  series  gives  a 
western  declination  to  the  north  pole  of  a  magnet 
placed  immediately  below  it,  when  it  is  united  with 
any  of  those  that  precede  it  in  the  list ;  and  an 
eastern  declination  when  it  is  united  with  any  of 
those  that  follow  it  in  the  series ;  it  being  under- 
stood that  a  portion  of  the  circuit  is  heated  by  the 
application  of  a  spirit  lamp. 

It  is  obvious  that  the  above  order  of  the  metals 
is  very  different  from  that  which  they  follow  when 
placed  in  the  galvanic  pile  along  with  liquid  con- 
ductors. No  satisfactory  explanation  of  this  differ- 
ence has  yet  been  given.  It  is  probably  connected 
with  the  goodness  of  the  metals,  as  conductors  of 
heat. 

In  order  to  produce  thermo-electric  effects,  it  is  Heat  not 

necessary 

not  necessary  to  apply  heat.  Any  thing  which  for  these 
alters  the  temperature  in  one  part  of  the  chain,  from 
that  of  the  rest,  occasions  a  deviation  in  the  decli- 
nation of  the  magnet :  for  example,  if  we  produce 
cold  in  any  part  of  the  antimony  bar,  by  applying 
ether  to  it,  and  allowing  it  to  evaporate  ;  or  if  we 
cool  it  by  the  application  of  ice.  The  greatest 
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chap.  xv.  effect  of  all  is  produced  on  the  magnet,  when  one 
part  of  the  bar  is  heated,  and  the  other  cooled.  It 
is  evident  from  this,  that  the  evolution  of  electricity 
depends  upon  the  difference  in  the  temperature  of 
different  parts  of  the  metallic  chain. 

ftrencedof"  Seebeck  has  even  ascertained,  that  in  order  to 
turepera~  Pr°duce  thermo-electric  effects,  two  different 
metals  are  not  necessary.*  A  single  metal  will 
answer,  provided  there  be  differences  in  its  texture 
and  cohesion.  Seebeck  cast  rings  of  antimony, 
bismuth  and  zinc,  and  took  care  that  certain  parts 
of  them  were  cooled  much  more  rapidly  than 
others.  The  parts  rapidly  cooled  assumed  a  fine 
grained  texture,  and  a  greater  degree  of  density, 
while  the  other  portions  of  the  ring  that  were 
slowly  cooled  became  crystalline  in  their  texture. 
When  these  rings  were  heated  at  the  point  of  con- 
tact of  the  different  textures,  they  acted  upon  the 
magnet.  There  is  a  curious  experiment  of  Bec- 
querel,  which  proves  the  same  thing.  He  heated 
to  redness,  one  of  the  ends  of  the  wire  which  con- 
stitutes the  multiplier  of  Schweigger,  and  brought 
it,  while  in  this  state,  in  contact  with  the  other  end 
of  the  wire  which  was  cold.  The  needle  imme- 
diately suffered  a  declination,  shewing  the  evolution 
of  a  current  of  electricity.  The  thicker  the  wire 
of  the  multiplier  is,  the  more  easily  does  this  ex- 
periment succeed  ;  probably  because  the  difference 
of  temperature  immediately  disappears  in  very 
small  wires.  When  the  two  extremities  of  the 

*  Gilbert's  Annalen  der  Physik,  Ixxiii.  431. 
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multiplier  are  soldered  together,  or  when  heat  is  **<*- IU- 
applied  at  a  distance  from  the  point  of  contact,  no 
sensible  action  is  produced  on  the  magnet.  But  if 
we  touch  the  wire  in  the  neighbourhood  of  the 
heated  place,  with  a  thick  cold  wire  of  the  same 
metal,  the  magnet  is  immediately  affected.  It 
would  seem  from  this,  that  a  mere  difference  of 
temperature  is  not  sufficient  to  evolve  electricity, 
but  that  the  heat  must  also  be  abstracted  more 
rapidly  from  one  of  the  sides  of  the  heated  point, 
than  from  the  other  side. 

Even  liquids  may  be  made  to  act  as  thermo-elec- 
trics.  Seebeck  found  that  concentrated  acids,  for 
example,  the  sulphuric,  nitric,  and  muriatic,  occupy 
a  place  above  bismuth,  while  the  concentrated  fixed 
alkalies  stand  at  the  other  extremity  of  the  series  Thermo. 
below  antimony.  When  the  acids  are  diluted  with 
water,  they  approach  the  middle  of  the  series.  But 
water  produces  no  effect  upon  the  alkalies.  Water 
and  liquid  ammonia  occupy  very  nearly  the  middle 
of  the  series. 

Professor  Gumming  discov- 
ered, that  rotatory  motions 
may  be  induced  by  thermo- 
electrics,  as  well  as  by  common 
electro-magnetism.  The  fig- 
ure in  the  margin  represents 
the  contrivance  which  he  em- 
ployed. Platinum  and  silver 
wires  were  soldered  together, 
poised  upon  a  magnet  and  heat- 
ed by  a  spirit  lamp.  A  B  D  C 
represents  the  platinum  wire, 
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chap.  xv.  Abed  efC  the  silver  wire.  N  S  is  the  magnet,  c  N 
the  support  of  the  wires,  and  La  spirit  lamp.  The 
platinum  wire  is  so  much  thicker  than  the  silver 
wire,  that  the  part  A  B  balances  the  projecting 
part  of  the  silver  wire  defC.  A  wire  is  attached  to 
d  e  at  right  angles,  with  a  small  weight  to  counter- 
balance B  D  C.*  He  afterwards  found  it  more 
convenient  to  bend  the  parallelogram  into  the  form 
of  a  semicircle.  When  the  lamp  and  magnet  are 
placed  opposite  to  each  other,  the  rotation  is  pro- 
duced. But  the  effect  is  improved  by  placing  an- 
other magnet  90°  from  the  first,  having  its  poles  in 
the  contrary  direction,  and  being  connected  with  it 
by  a  bar  of  soft  iron  placed  beneath  them.  With 
this  arrangement,  the  rotation  will  be  from  right  to 
left,  or  from  left  to  right,  according  to  the  position 
of  the  lamp.t 

*  Annals  of  Philosophy  (2d  Series),  vi.  179.  t  Ibid.  p.  436. 


APPENDIX. 


ELASTICITY  OF  STEAM. 

SINCE  the  table  given  in  page  215  of  this  volume  was 
printed,  a  most  elaborate  set  of  experiments  has  appeared, 
by  a  Committee  of  the  Royal  Academy  of  Sciences  of 
Paris,  consisting  of  Prony,  Arago,  Gerard,  and  Dulong. 
These  experiments  were  the  result  of  an  application  of  the 
French  government  to  the  Academy,  to  point  out  the  best 
means  of  preventing  accidents  from  the  bursting  of  the 
boilers  of  steam  engines.  The  following  table  exhibits  the 
elasticity  of  steam  at  various  temperatures,  till  it  amounts 
to  24  atmospheres.  An  atmosphere  is  measured  by  a 
column  of  mercury  of  29-922  inches  (0*76  metre),  which 
has  been  adopted  in  France  as  the  mean  height  of  the 
barometer  at  the  surface  of  the  sea. 


Elasticity  of  steam,  the 
pressure  of  the  atmo. 
sphere  being  1. 

Corresponding 
temp,  in  deg.  of 
Fahrenheit. 

Elasticity  of  steam,  the 
pressure  of  the  atmo- 
sphere being  1. 

Corret  ponding 
temp,  in  deg.  of 
Fahrenheit. 

1 

212° 

13 

380-66 

M 

234 

14 

386-94 

2 

250-5 

15 

392-86 

2J- 

263-8 

16 

398-48 

3 

275-2 

17 

403-83 

3£ 

285 

18 

408-92 

4 

293-7 

19 

413-78 

^i 

300-3 

20 

418-46 

5 

307-5 

21 

422-96 

51 

314-24 

22 

427-28 

6 

320-36 

23 

431-42 

64 

326-26 

24 

435-56 

7 

331-7 

336-86 

25 

439-34 

8* 

341-78 

30 

457-16 

9 

350-78 

35 

472-73 

10 

358-88 

40 

486-59 

11 

366-85 

45 

499-14 

12 

374 

50 

510-6 
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The  last  six  temperatures  in  the  table  are  deduced  by 
calculation.  The  Commissioners  of  the  Academy  employed 
the  formula  e = ( 1+ 0'7 1 53  t) 5 .  In  this  formula  e  expresses 
the  elasticity  in  atmospheres  of  0-76  metre  (29-922  inches) 
pressure,  and  t  the  temperatures  setting  out  at  100°  cen- 
tigrade (212°  Fahrenheit).  For  the  methods  employed 
to  determine  the  temperature  at  the  various  elasticities  in 
the  table,  and  the  precautions  taken  to  avoid  errors,  I 
refer  the  reader  to  the  report  inserted  in  the  Annales  de 
Chimie  et  de  Physique,  xliii.  74.  The  last  column  in 
page  217  of  this  volume,  taken  from  the  Annales  de  Mines, 
was  from  an  interim  report  of  the  Commissioners  to  the 
French  government,  and  was  deduced  by  calculation  from 
the  best  previous  experiments.  By  comparing  the  table 
here  given  with  the  determination  of  Perkins,  given  in 
page  217,  on  the  authority  of  Clement,  we  see  how  erro- 
neous Perkins'  experiment  must  have  been.  As  he  never 
himself  published  the  result,  it  is  probable  that  he  was 
himself  aware  of  its  inaccuracy. 

This  table  of  the  French  Academicians  constitutes  a 
precious  addition  to  our  knowledge  of  the  elasticity  of 
steam.  The  experiments,  which  were  conducted  by  Du- 
long  and  Arago,  constitute  some  of  the  most  difficult  and 
even  dangerous  for  which  science  is  indebted  to  the  zeal 
and  intrepidity  of  philosophers.  Mercury,  by  the  elasti- 
city of  the  steam,  was  forced  up  a  tube  of  glass  to  the 
height  of  42-6517  feet.  The  diameter  of  the  tube  was 
0-1968  inches.  They  took  the  opportunity  of  subjecting 
common  air  to  the  pressure  of  from  1  to  24  atmospheres, 
and  found  that  the  Boylean  law,  namely,  that  the  bulk 
diminishes  as  the  pressure  increases,  holds  as  far  as  twenty- 
four  atmospheres. 
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woods,  63 

Moisture,  why  deposited  on  win- 
dows, 167 

Moon,  rays  of,  why  not  hot,  283 

Muschenbroek  discovers  the  Ley- 
den  phial,  346 

Needle,  magnetic,  affected  by  mo- 
tion, 556 

Negative  bodies,  list  of,  493 

Negative  electricity,  360,  425 

Newton, Sir  Isaac,hypothesis  of,res- 
pecting  the  cooling  of  bodies,  1 10 

Nitric  acid,  congelation  of,  178 

Non-conductors,  353 

Non-electrics,  354 

Oxides  have  a  specific  gravity  above 
the  mean,  92 

Percussion,  heat  from,  339 
Phlogiston,  what,  322 
Phosphorescence,  287 
Phosphorus,  expansion    of,    31 — 

heat  during  the  combustion  of, 
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Pictet,  M.  on  radiation  of  heat,  131 
Pile  of  Deluc  and  Zamboni,  50  I—- 
of Volta,  507 

Platinum  coil,  red  hot,  maintains 
the  decomposition  of 
alcohol,  &c.  310 
spongy,  becomes  red  hot 
from  a  jet  of 
hydrogen,  312 
made  into  balls 
with  clay,  ef- 
fect of on  com- 
bustible gases, 
315 

Plate  of  steel,  distribution  of  elec- 
tricity on,  41 
Points,  why  electricity  is  dissipated 

by,  415 
Poisson,  M.  electrical  discoveries 

of,  351 

Poles,  magnetic,  542 — law  of  their 
attractions  and  repulsions,  543 — 
seem  to  be  four,  546 — their  posi- 
tion, 547 

Porcelain  troughs,  513 
Positive  bodies,  list  of,  494 

electricity,  360,  425 
Prehnite,  electric  properties  of,  48 1 
Pressure  evolves  electricity,  483 — 
bodies  pressed  in  different  states 
of  electricity,  ib. — but  one  must 
be   elastic,  ib. — and  they  must 
be    insulated,    ib.— phenomena 
of,  described,  484— intensity  of, 
proportional  to  the  pressure,  487 
Prevost's  theory  of  radiation,  158 
Pyrometer,  Daniel's,  51— Wedge- 
wood's,  50 

Radiated  heat  intercepted  by  solids, 

153 

Radiating  power  of  bodies,  145 
Radiation  of  cold  explained,  160 
Rain,  annual  fall  of,  263 — in  Great 

Britain,  266 
excess  of  above  evaporation, 

267 

gauges,  264 
formation  of,  275— -owing  to 

variable  winds,  277 
Rainy  days,  number  of,  266 
Rarefaction,effect  of, on  burning,  307 
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Red  heat,  temperature  of,  279 

Reflecting  power  of  different  sur- 
faces, 149 

Reflection  of  heat  inversely  as  ra- 
diation, 149 

Repulsions,  electric,  law  of,  388 

Resinous  electricity,  360 

Richmann,  Professor,  killed  by 
lightning,  435 

Rod,  thunder,  intensity  of  electri- 
city at  the  top  of,  438 

Rose's  fusible  metal,  expansions  of, 
30 

Roy,  General,  table  of  expansions 
by,  20 

Safety  valve  explained,  208 
Saline  solutions,  boiling  points  of, 

204 

Salts,  effect  of   in  lowering    the 
freezing  point  of  water,  175 — 
phenomena  attending  their  solu- 
tion, 86 
Saussure,  M.  on  the  radiation  of 

heat,  131 

Scheele  on  radiation  of  heat,  ib. 
Scratching,  effects  of  on  radiation, 

146 

Screens,  effect  of  on  radiation,  157 
Seebeck  on  the  effect  of  prisms  in 
altering    the    position     of    the 
greatest  heat  in  the  solar  spec- 
trum, 135 

Sky,  blue  colour  of,  270 
Smeaton,  Mr.  table  of  expansions 

by,  20 
Soft  and  spongy  bodies,  why  bad 

conductors  of  heat,  115 
Solids,  expansion  of,  17 

melted  by  heat,  169 
Spark,  electric,    ascribed    to    the 
union  of  the  two  electrici- 
ties, 470 — but  erroneously, 
ib. 
electric,  353 

negative  a  star,  464 
owing  to  the  com- 
pression  of  air, 
or  elastic  bodies, 
466 

not  sensible  in  va- 
cuo,  465 


Spark,  electric,  positive,  a  brush, 

464 

theory  of,  462 

Spermaceti,  latent  heat  of,  188 
Sphene,  electric  properties  of,  481 
Spiral  wire  in  a  galvanic  current 

communicates  magnetism,  563 
Stahl's  theory  of  combustion,  321 
Steam,  elasticity  of,  115,   575 

increases  with  the 

heat,  207 
high  pressure,  why  it  does 

not  scald,  209 
latent  heat  of,  223 — in- 
creases as  the  sensible 
heat  diminishes,  226 — 
and,  vice  versa,  228 — la- 
tent and  sensible  heats 
of,  a  constant  quantity, 
229 

specific  gravity  of,  221 
theory  of,  222 
Steam  engine,  211 
Sugar,  refining  of,  ib. 
Sulphate  of  soda,  cold   produced 
by,  when  dissolved  in  dilute  sul- 
phuric acid,  195 
Sulphur,  latent  heat  of,  188 
Sulphurets,  have  a  specific  gravity 

above  the  mean,  91 
Sulphuric  acid,  congelation  of,  179 
Supporters,  what,  294 — number  of, 

296 

Surface,   nature   of,  affects   radia- 
tion, 138 

Tarnishing,  effect  of,  on  radiation, 

145 

Temperature  changed  by  combina- 
tion, 294 

Thermo-electricity,  569 
Thermometer,  discovery  of,  36 

how    improved,    38 
— how    rendered 
comparable,  39 
whether  an  accurate 
measurer  of  heat, 
45 — should       be 
small,  49 
Celsius's,  44 
centigrade,  ib. 
Daniell's,  51 
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Thermometer,  Delisle's,  44 

differential,  141 
Fahrenheit's,  42 
Reaumur's,  43 
Wedgewood's,  50 
Thunder  storm   described,  442 — 

explanation  of,  443 
Tin,  latent  heat  of,  188 
Tin  and  lead,  alloys  of,  expand,  89 
Topaz,  electric  properties  of,  48 1 
Tourmalin,  electric   properties  of, 

475— explained,  478 
Trail,  Dr.  on  the  passage  of  heat 
through  liquids,  107 

Vacuum,    bodies    do    not    retain 

electricity  in,  359 
Valles,  never  rains  in,  276 
Vapour,  nature  of,  201 

specific  gravity  of,  202 
table  of  the  force  of,  245 
volume  of  in  air,  how  de- 
tected, 249— its  quan- 
tity, 254 

Vaporization,  201 
Vapours  from  different  liquids,  spe- 
cific gravity  of,  218 — expansion 
of,  220— latent  heat  of,  231 
Variations  of  the  needle,  daily,  548 


Vegetation,  electricity  by,  501 

Vitreous  electricity,  361 

Volatile  and  fixed,  meaning  of,  203 

Volta  explains  the  convulsions  in- 
duced in  frogs  by  common  elec- 
tricity, 489 

Water  evaporates  at  all  tempera- 
tures, 241 

expansion  of,  12 — table  of 
expansions  of,  28 
when      converted 
into  vapour,  202 
latent  heat  of,  187 
maximum  density  of,  22 
specific  heat  of  in  different 

states,  78 
Watson,  Dr.   experiments   of,  on 

the  motion  of  electricity,  358 
Wax  latent  heat  of,  188 
White  hot  iron,  not  magnetic,  555 
Wilcke,  Mr.  on  specific  heat,  62 

Zero,   real,   how    investigated    by 

Irvine,  84 
Zinc,  latent  heat  of,  188 

siluate  of,  electric  properties 
of,  481 
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